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EXERCISES 8.4

In Exercises 1 and 2, shift the summation indices to com- 7. 4x2y" +2xy + (x —2)y = 0.
bine the given expressions into the sum of a finite number 8. 3x2y" —xy 4+ (x +1)y = 0.
of terms and a single summation. 9. 2x%y" +xy' — (2x + 1)y = 0.

10. 2x%y" +xy — (3x + 1)y =0.

L@ 2) ax"“+04+x)) ax"72 ; )
;0 ; 1. (x> = 1)y +2xy +y=0.

o o 12. 2x%y" + 2xy’ + (x2 = 2)y = 0.
(b) 3 Za"xnﬂ +2x? Za”xn+c_l' 13. x(1—x)y"+ (1 —x)y —y=0.
= = 14. 2x%y" — 2xy' 4+ (x> +2)y = 0.
2@ (x—x)) @ +3) axth 15. X2y + (22 — x)y' + y = 0.
"~ " 16. x 2 V' +2(x% — x)y +2y =0.
b) (x* - X)Z a x4+ 2 Z ax"te2, 17. x*y" + (x* = 2x)y' +2y = 0.
= = 18.xy—xy—|—(x +1)y=0.
Ip Exercis.es 3 through 6, use long division anc! multiplica- 19. 16x%y" + 8xy' + (16x + 1)y = 0.
tion of series to find the first four terms of the given expres- > ;
sions. 20. 2x*y" 4+ 2xy' + (x —2)y =0.
1 21. 2”—|—(x —x)y =3y =0.
@ = - : 22. 4x2y" — 222y + (2x + 1)y = 0.
nZ(;(—l)x/(n—Fl) 23, X2y + (x> +x)y — 4y =0.
®) (1—x/2432/4— 3 /8+x4/16 = x5/32 + .. Yexp(x). 249Xy —6xy +2y=0.
(©) (1_x/2+x2/3_x3/4+x4/5__~_)(1_x+ 25. xzy”—4xy + 20y = 0.
X2/2— X334+ x4/4— ). 26. 4x%y" 4+ 8xy +5y = 0.
4. (a) (1+2x+x2)/(3 —x +2x%). 27. By shifting the critical point to the origin, find two lin-
% yn X (—1yrHixn F:arly independent solutions of the following equation
(b) (Z ﬁ) <; W) in an interval of the form 0 < x +1 < d:
5. (a) / ( —3x 4 )dx. (b) /&dx. 20x+ 1)y’ +y — (x+1)y=0.
— exp(x) (x +x2 +x3)
6. (a) / 1 (1 +2x — . () / exp( x) ) 28. By shi.fting the critical ppint to the origin,.ﬁnd two llin-
2 (1+x+ 2x3) (1 —2x +2x2) early independent solutions of the following equation

In Exercises 7 through 26, find two linearly independent so- in an interval of the form 0 < x =2 < d:

lutions for x > 0,and determine at least the first four leading - , 5
terms in the second solution y;(x). (x =2y = (x=2)y' + (x" —4x +5)y =0.

& The Gamma Function Revisited

more about the The function I'(x), called the gamma function, was introduced in (4) of
Gamma function Section 7.1 in connection with the Laplace transform of ¢ when a is not an in-
teger, and it was defined in terms of the improper integral

I'(x) = / e”'t*ldt forx > 0. (32)
0

a fundamental result . .
It was shown that ['(x) satisfies the recurrence relation

['(x+1)=xI(x) forx >0, (33)



a useful special case
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FIGURE 8.4 The function I'(x) in the interval FIGURE 8.5 The function I'(x) in the interval
0<x<5. -3 <x<4

and that when x is a positive integer n the gamma function reduces to
F(n+1)=n!. (34)

Thus, for any real x > 0, the function I'(x) interpolates continuously between
successive values of n!, and so generalizes the factorial function to nonintegral
values of n. For obvious reasons the gamma function is sometimes called the
factorial function. Figure 8.4 shows a graph of I'(x) in the interval 0 < x < 5.

The gamma function can be extended to x < 0 for x # —1, =2, ..., at which
point it becomes infinite. A graph of I'(x) in the interval —3 < x < 4 is shown in
Fig. 8.5.

The value of I'(1/2) is often needed, and it can be found by means of the
following method in which the integral defining I'(1/2) is squared and converted to
adouble integral that is easily evaluated. If the method used is unfamiliar the details
can be omitted, though the result given in (35) is useful and should be remembered.

From (32) we have

[T(1/2)]) = (/000 ul/ze“du) (/(;oo vl/zevdv) ,

where the two dummy variables u and v have been introduced to avoid confusion
when the product of integrals is combined.
Writing u = x> and v = y? allows this product of integrals to be written as

[T(1/2)]) = (/Ooo Ze_xzdx> </00026_y2dy) = 4/000 /O~oo e_(x2+y2)dxdy.

As the integral in terms of cartesian coordinates is only evaluated over the first
quadrant, changing to the polar coordinates (r, 6) by setting x = r cosf, y = r sin#,
and using the result 7> = x> 4+ y? reduces this last integral to

p

Y L 1 .
[C(1/2)]? = lim 4/ d@/ e "rdr =4-(n/2) lim |:——er :| =.
p—o  Jo 0 pP—>00 2 0

Taking the square root shows that

r(1/2) = /7. (35)
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When x is a multiple of 1/2, repeated use of recurrence relation (33) combined
with result (35) allows I'(x) to be simplified, as illustrated in the following example.

BCIUETIEEM  Find (2) T(7/2) and (b) (=3/2).
Solution

(a) From (33) it follows that
()-C)
rfz)==r(z)=
2 2 \2
(b) Setting x = —3/2 in (33) gives
3 r 3 _r 1
2 2) 2)

whereas setting x = —1/2 in (33) gives

(g) r(-%) —1(1/2) = V7.

So, combining these two results, we find that

- remta

The reason for this re-examination of the gamma function is because it enables
the coefficients of a series expansion to be expressed in a concise form. For example,
it follows directly from (34) that the binomial coefficient

ny n! _ F(n 4L ]_)
(m) T ml(n—-m)!  T(m+DI(n—m+1) (36)

Expressing a binomial coefficient with integer entries in terms of the gamma
function offers no particular advantage over the use of factorials, but the preceding
result generalizes to the more useful result

oy _ M(a+1)
<m> C I'(m+ DIN(a¢ —m+1) (37)

when « is any nonnegative real number (not necessarily an integer). This expression
is often useful when performing numerical calculations.
As another example of the use of (33) we notice that we can write

F(@a+n+1)

a(a+1)a+2)...(a+n)= NORR

(38)
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the double factorial
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where n is a positive integer and the real number a > 0. Thus, for example, in terms
of the gamma function the following product becomes

BEOEE - -5

Result (38) generalizes further to provide a concise representation of the prod-
uct of n + 1 factors ¢(c + d)(c + 2d) . . . (¢ + nd). By writing the product as

c(etd)c+2d).. (c+nd) =d () (5+1) (5+2) (5 +n),

d/ \d d d
and then setting a = ¢/d in (38), we arrive at the useful result
F($+n+1)

c(c+d)(c+2d)...(c+nd) =d*! (39)

r(3)

The nth coefficient of a series is given by

1.5-9-13...(4n+1)
= 2}'! .
Express a,, in terms of the gamma function.

an

Solution Comparing the numerator of a, with result (39) shows that it contains
n + 1 factors, and in the notation of (39) we have ¢ = 1 and d = 4. Thus,

T 5
1-5-9-13...(4;1+1)=4"+1M

so dividing by 2" we find that

n+1F (n+ %) — 2n+2F (n+ %)

2T (3) r(z)

Two special products of this type arise when working with series as, for example,
occurs in the case of Legendre polynomials. These products involve either the
product of consecutive pairs of odd numbers or the product of consecutive pairs of
even numbers. Although these products can be expressed in terms of the gamma
function, a convenient and concise double factorial notation is used. We define the
double factorial !! as follows:

a, = [ |

1-3-5---2n+1)=2n+ D! and 2-4-6---(2n) = (2n)!. (40)

Alternative expressions for these double factorials in terms of the usual factorial
function are

Qn+ 1 =

|
Cnr DU nd @yt =271, (41)
"n

2"n!
The following relationship connecting gamma functions is sometimes useful:

Il —x) = —~

. 42
sin T x (42)



484 Chapter 8  Series Solutions of Differential Equations, Special Functions, and Sturm-Liouville Equations

the beta function

relating gamma and
beta functions

However, this result will not be proved here as it requires the techniques of complex
integration.

In passing, we mention a function B(x, y) called the beta function that is related
to the gamma function. The beta function, which has applications in statistics and
elsewhere, is defined as the integral

1
B(x, y) = fo 11 —1t)tdt with x>0,y >0. (43)

The following are the most important properties of the beta function:

Symmetry:

B(x, y) = B(y, x) (44)

Connection with the gamma function:

F)r(y)

B(x,y) = ———= 45
&)= Ty (45)

Relationship between beta functions:

y—1 x+y
)= (5 ) By == () By, )
Special values:

B(1,1)=1 and B(1/2,1/2)=m. (47)

Outline proofs of results (42) to (44) will be found in the harder exercises at
the end of this section.

The gamma function in the complex plane is discussed in reference [6.7], and
general information about the gamma function and related functions is contained
in Chapter 6 of reference [G.1] and Chapter 11 of reference [G.3].

Summal'y The gamma function that was introduced earlier was seen to provide a natural extension
to arbitrary values of x of the factorial function n!, where n is an integer. In this section the
gamma function was examined in greater detail and some useful values were derived in
terms of 7. The beta function was then defined and related to the gamma function.

EXERCISES 8.5
1. Express I'(5/2),I'(=5/2), and I'(9/2) in terms of 4. Express I'(—7/4),'(9/4), and I'(3/4) in terms of ei-
JT. ther I'(1/4) or ['(—1/4).
2. Express I'(=9/2),I'(11/2), and T'(—11/2) in terms 5. Express the product6-11-16-21... (51 + 6) in terms
of /7. of the gamma function.
3. Express I'(5/4), I'(—=5/4), and T'(7/4) in terms of ei- 6. Express the product 1-3-5.7-11....2n+1) in

ther I'(1/4) or ['(—1/4).

terms of the gamma function.



7. Express the product 5-8-11-14...(3n+5) in terms
of the gamma function.

8. Express the product4-8-12-16...(4n +4) in terms
of the gamma function.

9. Show that
- (1 _n> ~ (-1

2 (n=3)n=3)n-3)-
10. Show that

(-3 () =
The following slightly harder exercises provide more infor-
mation about the gamma function.
11.% UsetheresultT'(n + 1) = (n — $)I'(n — 1) with the re-
sult of Exercise 9 to show that
2210 ()l (n+ 3)
NG .
12.* Show that I'(x) = fol(ln Ly=ldu for x > 0.
13. Show that I'(x) =2 f;° e u>du for x > 0.

14.* The function v(x), called the psi function or the
digamma function, is defined as

()

r2n) =

V(@ = L nr)
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15.%

16.%

17.*

18.*

Show that
Y(x+1)=vyx)+ 1 for x > 0.
X

Use the result of Exercise 14 to show that

n—1

1
Y(x+n)=vy(x)+ Z > where n >1 is an integer.
k=0

By making the variable change u =1 — ¢ in the inte-
gral defining B(x, y), show that B(x, y) = B(y, x).

Integrate B(x, y) by parts to obtain the result of (46)
that

By = (252 ) By 1),

and use this result to obtain the second result of (46).

Use the result of Exercise 17 to show that if m and n
are integers,

(m—n)l(n—1)! T(mTI(n)

B ) = e m =1 = Tont )’
and so
B(m.n) = ll:((m)i(:))

8.6 . Bessel Function of the First Kind J,(x)
I

Bessel’s equation In standard form, Bessel’s equation is written

szy +x—=+ x> =1}y =0, (48)

2

dy
dx

where v > 0 is a real number. Another useful form of Bessel’s equation that often

arises in applications is

d*y
xzﬁ +x-—=+ (2?2 vy =0. (49)

dy
dx

This form of the equation is obtained from (48) by first making the change of
variable x = Au, and then replacing u by x.

When developing the properties of Bessel functions in this section the standard
form of the equation given in (48) will be used. Applications of Bessel functions to
partial differential equations are made in Chapter 18.

Bessel’s equation has a singularity at the origin, and using the notation of
Section 8.4 with P(x) = 1/x and Q(x) = (x*> — v?)/x?, we find that

po=limxP(x)=1

x—0

and ¢qp = ;lcii%xz O(x) = —?,

showing that the origin is a regular singular point.
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The indicial equation is seen to be

c2—v2=0,

(50)

so the roots ¢c; = v and ¢c; = —v are distinct when v # 0, and there is a repeated zero
root when v = 0. Thus, when v = 0, the second Frobenius solution will contain a
logarithmic term, whereas when ¢; — ¢; is an integer the second Frobenius solution
may or may not contain a logarithmic term. When ¢; — ¢; # 0 is not an integer,
neither of the two linearly independent Frobenius solutions contains a logarithmic

term.
Substituting y(x) = Y 7o, a,x" ™ into (48) gives

o0 o0 o0 o0
Z(r +o)(r+c—1ax" + Z(r +c)a, x"T¢ + X:a,x””r2 —? Za,xr“ =0.
r=0 r=0 r=0

Shifting the summation index in the third summation and collecting terms under a

single summation leads to the result

(c® = v)aox® +[(c + 1)* = ]arx™™ + 3 [(r + ¢ +v)(r + ¢ — v)a, + a,]x T =0.

r=2
Equating the coefficients of powers of x to zero shows the following:
Coefficient of x¢:
(c? —v?)ag =0 (the indicial equation, because ay # 0)
Coefficient of x¢*+1:
[(c+1)>—v?]a; =0 (acondition on a;)
Coefficient of x"*:

[(r +c¢)> —v?]a, +a,» =0 (arecurrence relation)

(1)

As (c 4+ 1)> —v? # 0, it follows from the second result that a; = 0, and then from
the recurrence relation (51) that a, = 0 for all odd r. As only even indices r are
involved in the recurrence relation, we set r = 2m with m =0, 1, ..., after which

substituting ¢ = v in the recurrence relation reduces it to

1

— o, f =1,2,....
dm(m + v)azm 2 orm

om =

(52)

As ay is arbitrary, we normalize the solution in the standard manner by setting

1
= 2T+
after which the coefficients a,,, become
ao 1 ar 1
ap; = as =

T2(1+v) 22T 2+v)’
and, in general,

(="

- , f =1,2,....
22mtvmID(m+ 1+ v) orm

om =

T2 +v) 222G +v)

(33)
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Using this result in the first Frobenius solution, which hereafter will be denoted by
the Bessel function J,(x) and called a Bessel function of the first kind of order v, gives
Ju(x)
(_1)mx2m

b(x) = x" f 0. 54
) xr;)ﬁmwm!r‘(m—i—l—i-v) orx= (54)

When x < 0 the corresponding expression for J,(x) follows from the preceding
result by reversing the sign of x in the series and replacing x” by |x|”. The ratio test
shows the series for J,(x) to be absolutely convergent for all x.

Sofar v has been an arbitrary nonnegative number, but the standard convention
is that when v is an integer it is denoted by n. Using the result that when v = n the
gamma function I'(m + 1 + n) = (m + n)! allows J,(x) to be written in the simpler
form

o0
_ (_1)m x2m+n
COEDD 22t (m + n)!

m=0

forn=0,1,2,.... (55)

It was because of this use of n that, to avoid confusion, the summation index in the
series was chosen to be m. The two most important special cases of (55) are:

Bessel functions Bessel function of the first kind of order zero:
Jo(x) and J1(x)
00
(_1)m x2m x2 x4 x6
Jo(x) = =1- + — + - (56)
';) 22m(m!)? 22(11)2 24212 26(3!)2

Bessel function of the first kind of order 1:

_ e (_1)m x2m+1 _ X x3 xS x7
hx) = Z; P my )] 2 212 25231 2e

(57)

Graphs of Jy(x), J1(x), and J(x) are shown in Fig. 8.6.

FIGURE 8.6 Graphs of the Bessel functions of the first
kind Jo(x), J1(x), and J(x).
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Having found J,(x), which is one solution of Bessel’s equation (48), we must
now find a second linearly independent solution in order to arrive at a basis for
solutions of the equation, and hence to arive at the general solution. The nature
of a second linearly independent solution will depend on the value of v, and the

simplest situation arises when v is not an integer. In this case, because c¢?

second linearly independent solution will follow from (54) by replacing v by —v.

Denoting this second solution by J_, (x) we find that

—v - (_1)m me
J_,(x) = |x| Z_:O ST (m + 1= ) for x # 0.

Bessel’s equation written

y(x) = CiJy(x) + CJ_,(x), forx #0,

with C; and G, arbitrary constants. The corresponding general solution of (49) is

then

y(x)=CJ,(0x)+ CJ_,(Ax), forx #0.

The nature of the second linearly independent solution when v = n will be
considered later. In the meantime we will show that when v = n, the Bessel functions
Ju(x) and J_,(x) are linearly dependent. This is most easily seen by taking the limit
of (58) as v — n. Gamma functions with negative integer arguments are infinite, so
the coefficients ay,, in which they occur will all vanish, causing the summation to
start at the value m = n. Using the result ['(m + 1 — n) = (m — n)! then shows that

the series for J_,(x) is

o (_1)m x2m—n
I =3
" r;l 22m=nm|(m — n)!

and after a shift of the summation index this becomes

. 00 (_1)m 2m+n
J_n(x) = (1) ZWM

m=n

forn=1,2,....

A comparison of (55) and (61) shows that J_,(x) is a constant multiple of J,,(x), so

the two functions J,,(x) and J_,(x) are linearly dependent. To be precise,

J_p(x)=(—1)"J,(x) forn=1,2,....

The absolute convergence of the series for J,(x) allows it to be differentiated
term by term. Using this fact, and comparing of the derivative of the series for Jy(x)

with the series for J1(x), shows that

Jé(x) = —]1()().

This result is the simplest example of the many relationships that exist between

Bessel functions. The four most important results are the following:

When v is not an integer, the general solution of Bessel’s equation (48) can be



relationships between
derivatives and some
recurrence relations
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Relationships between derivatives of J,,(x):
4 e no) = 20 ) (64)
i v = v—1

% [x " Ju(x)] = —x7" o1 (x) (65)

Recurrence relations involving J,, (x):

Fu1() + (@) = 20 ) (66)

Joo1(x) = Jopa(x) = 2J)(x) (67)

We show next that these results are easily verified by substituting the series
solution for J,(x) given in (54) into each relationship, though the direct derivation
of these relationships is a more complicated matter. An indication of one way in
which to arrive at these results without appealing to the series solution (54) is to be
found in the set of exercises at the end of this section.

To establish (64) we start by multiplying the series (54) for J, (x) by x” to obtain

o) (_1)m x2m+2v
¥ () = r;) 2mvmT(m+1+v)

Differentiating this result and removing a factor x" from the summation gives

d = (_l)m x2m+v—1
5. UJU =x" s
T ON= X" ) )

m=0

but the series on the right-hand side is simply J,_1(x), so we have shown that

d v )
Ir [x",(x)] = x"J,—1(x).

Result (65) is established in similar fashion by differentiating x "/, (x).
The recurrence relations can be obtained as follows. Carrying out the indicated
differentiations and cancelling a factor x” in (64) and (65) gives

J;(X) = Jvfl(x) - %JU(X) (64)/
and
T = <) = e (). (65)

Results (66) and (67) now follow first by subtraction and then by addition of these
two results.

Result (66) is useful because it relates J,(x) to J,_1(x) and J,,1(x), whereas
(64) and (65) can be used to evaluate certain integrals involving J,(x), because by
integrating (64) and (65) we obtain

/x”]v_l(x)dx =x"J,(x)+C (68)
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EXAMPLE 8.16

and

/x‘”]v+1(x)dx =—x"J,(x)+C. (69)

Express Jy(x) in terms of Jy(x) and Jy(x), and use the result to compute J4(6.2)
given that Jy(6.2) = 0.20175 and J;(6.2) = —0.23292.

Solution Rearranging (66) gives
2v
Jv+1(x) = ;Jv(x) - Jvfl(x)’
so setting v = 3,2, and 1 we have
6 4 2
Ju(x) = ;]3()6) = Dh(x), J3(x)= ;Jz(x) = Ji(x), and Jr(x) = ;Jl(x) — Jo(x).

Eliminating J,(x) and J3(x) between these results gives the required expression

Ji(x) = (i—f - §> I+ (1 _ 24) Jo(x).

X x2
Setting x = 6.2 and substituting the given values of J;(6.2) and J;(6.2) shows that
J4(6.2) = 0.32941. [

Numerical values of Bessel functions are extensively tabulated, and subroutines
that enable their calculation for arbitrary values of their argument are found in most

computer algebra packages. See the references at the end of the chapter for some
of the most extensive tabulations of Bessel functions.

f <x2 + %) Ji(x)dx.

Solution We write the integral as the sum of integrals

/ <x2 + %) Ji(x)dx = /xzfl(x)dx +/x_1]1(x)dx

and consider each separately. Setting v = 2 in (64) shows that

Evaluate

d
I R()] = (@),
so it follows at once that
/lel(x)dx = x> (x) + C.

The second integral is a little harder and requires the use of integration by parts.
Writing it as

fx’l./l(x)dx = /x’z[xfl(x)]dx,



asymptotic expansion
of J,(x)
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and noticing from (63) with v = 1 that [xJ;(x)] = xJo(x), we find that

/x_lll(x)dx = /x_z[le(x)]dx = —Jl(x)+/x_1xJ0(x)dx,
and so
/x_lll(x)dx =—-Ji(x)+ / Jo(x)dx.

No further simplification is possible because [Jo(x)dx cannot be expressed
in terms of simpler functions, though f[f Jo(u)du is available in tabular form and
it is easily evaluated numerically on a computer. However, we will see later that
IS Tn(x)dx =1forn=0,1,2,.... ]

Evaluate [ x3Jo(x)dx.

Solution Writing the integrand as the product x> Jy(x) = x?[xJo(x)] and using (64)
with v = 1 gives

d
/ P Jo(x)dx = / ldo(x)]dx = / @ ()]
X
Integration by parts then gives
/x3]0(x)dx = x3J1(x) — 2x*Jp(x) + C. ]

It can be seen from Fig. 8.6 that the Bessel functions Jy(x), J1(x), and J>(x)
are oscillatory in nature and resemble damped sinusoids. The recurrence relation
(66) implies that this same oscillatory property is true for all J,(x). Although these
Bessel functions are not strictly periodic, in the sense that for any given n the zeros
of J,(x) are not equally spaced along the x-axis, it can be shown that for fixed v and
large x the function J,(x) can be approximated by

Jo(x) ~ \/gcos (x — % — %) , (70)

where the symbol ~ is to be read “is asymptotically equal to,” with the under-
standing that the term asymptotic is used here in the technical sense and means
that the ratio of the two sides of the expression tends to 1 as x — oo. This last
result is an example of what is called an asymptotic expansion of the function J, (x),
and asymptotic expansions have the property that the larger x becomes, the more
accurate the asymptotic expansion becomes.

When the Bessel functions J,(x) are required in a computer program, the
series solution (54) is used for small x, and different approximations are used for
large x and in the intermediate region between small and large x. Corresponding
approximations are used when the order v of a Bessel function is large. The simplest
approximation to J,(x) for small x, which follows from (54) by setting m = 0, is

J,(x) ~ 7”11"'”) (g) (71)

The fact that the series for J,(x) is an alternating series means that the maximum
magnitude of the error made when the series is truncated after n terms is the absolute
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TABLE 8.1 Zeros jy,, of J,(x)forn=0,1,2,3

~

Jjo.r Jir Jo.r B3

2.40482 3.83171 5.13162 6.38016
5.52007 7.01559 8.41724 9.76102
8.65372 10.17347 11.61984 13.01520
11.79153 13.32369 14.79595 16.22347
14.93091 16.47063 17.95982 19.40942
18.07106 19.61586 21.11700 22.58273

SN N AW =

value of the (n 4 1)th term. So, if the series
x? x4 x©

Jo(x) =1- 22(1!)2 + 24(2!)2 - 26(3!)2 + ..

is truncated after the term in x*, the maximum error made is |-x°/[2°(3!)?]| =

x%/[25(3!)?]. Consequently, if Jo(x) is approximated by

x? x

2 T 7@

]o(x) ~1-—

then in the interval 0 < x < a, the absolute value of the maximum error will not
exceed a®/[2°(3!)?]. When J,(x) is required to be accurate to a given number of
decimal places in an interval 0 < x < a, this simple estimate determines how many

terms must be retained in the series approximation for J,(x).

When using Bessel functions in applications, it is often necessary to know the
location of the zeros of J,,(x), so for future reference Table 8.1 lists the first six zeros
of J,,(x) forn =0, 1, 2, 3. In the table the rth zero of J,(x) is denoted by j, ,, where
the first suffix indicates the order of the Bessel function and the second suffix the
number of the zero. As J,(0) = 0 for n > 1, the zeros ji,, j»,, and j3, have been
numbered so the first entry to appear in each column is the first nonvanishing zero
of the function involved. Thus, although J;1(0) = 0, the first entry to appear in the
column for jj , is 3.83171, which it will be seen from Fig. 8.6 is the first nonvanishing

zero of Ji(x).

Bessel Functions J.,/2(x)

The Bessel functions J4,/2(x) are particularly simple, despite the fact that the dif-
ference between the indices ¢; = n/2 and ¢; = —n/2 is an integer. The easiest
way to find the form of J.,,>(x) is to use the reduction to standard form given
in Lemma 6.1 of Section 6.3 to remove the first derivative term from Bessel’s

equation.

It follows from the lemma that the substitution u = x!/>y reduces Bessel’s

equation
x2y// +xy/ + (x2 o v2)y =0

to the standard form for a second order equation

h? -1
u”+<1— = >u=0.
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If we now consider the cases of J;2(x) and J_1 »(x), corresponding to v? = 1/4,
the differential equation simplifies to

' +u=0,
with the general solution

u(x) = Cysinx + G, cos x.

—1/2

As y = x~'/<u, the general solution of Bessel’s equation of order +1/2 becomes

/1 /1
y(x) = C14/ —sinx + G,/ — cos x.
X X

The two functions in the general solution for y(x) are linearly independent, so
we take for the solutions forming a basis for the differential equation with v = £1/2
the functions J;2(x) and J_;,»(x) given by

/1 /1
Jl/z(x) = C1 —sinx and Jfl/z(x) = C2 — COS Xx.
X X

The constants C; and C, are arbitrary, but to make these results compatible with
the normalization used for ay when developing the series solution for J,(x) we
compare these expressions with the asymptotic formula (70), from which we see it
is necessary to set C; = G, = /(2/7), to obtain

[ 2 [ 2
Jip(x) = Esinx and J_ip(x) = acosx. (72)

Expressions for J1,,2(x) now follow by use of recurrence relation (66). Thus,
for example, setting v = 1/2 in (66) gives

2 (sinx

) = L) = ) = = (25 = cosx ). (73)

and, similarly, setting v = —1/2 gives

J_3p(x) = _\/nzx (sinx s co;x> . (74)

We have shown that all Bessel functions J.,>(x) with n an odd integer are
expressible in terms of elementary functions. The derivation of Ji,(x) directly
from series (54) forms an exercise in the set at the end of this section.

FRIEDRICH WILHELM BESSEL (1784-1846)

A German mathematician who started his career as a clerk apprenticed to a mercantile office in
Bremen where he remained for a number of years. Using published observations he calculated
the orbit of Haley’s comet and submitted his calculations to the astronomer H.W.M. Olbers who
recognized his ability and, after recommending the work for publication, arranged for Bessel to
become an assistant in the observatory in Lilienthal. His major mathematical contribution was
the introduction, in a paper of 1824 devoted to planetary motions, of the class of transcendental
functions now known as Bessel functions.
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Bessel’s equation was introduced and series solutions were obtained by the Frobenius

method for the Bessel function J,(x) of the first kind of order v. It was shown that Bessel
functions of the first kind of fractional order +n/2, with n odd, could be expressed in terms
of products of sines and cosines and 1//x.

EXERCISES 8.6

10.

11.

. Write down the first six terms of the series expansion

for J,(x).

. Write down the first six terms of the series expansion

for J5(x).

. Derive result (65) by differentiating the product of

x~!/2 and the series for J,(x) given in (54).

. Determine how many terms must be retained in the

series for Jy(x) for it to be accurate to four decimal
places over the interval 0 < x < 4.

. Determine how many terms must be retained in the

series for Jy(x) for it to be accurate to four decimal
places over the interval 0 < x < 2.

. Determine how many terms must be retained in the se-

ries for Jy(x) for it to be accurate to six decimal places
over the interval 0 < x < 1.

. Determine how many terms must be retained in the se-

ries for Jy(x) for it to be accurate to six decimal places
over the interval 0 < x < 2.

. Determine how many terms must be retained in the

series for J;(x) for it to be accurate to four decimal
places over the interval 0 < x < 2.

. Determine how many terms must be retained in the

series for J;(x) for it to be accurate to four decimal
places over the interval 0 < x < 3.

Integrate the first four terms in the series for Jy(x)
term by term to obtain an approximation to

/Ox Jo(t)dt.

Estimate the maximum magnitude of the error when
using the result in the interval 0 < x < a.

Integrate the first four terms in the series for J;(x)
term by term to obtain an approximation to

/ ) Ji(t)dt.

0

Estimate the maximum magnitude of the error when
using the approximation in the interval 0 < x < a. In-
tegrate the integral analytically, and confirm that the
analytical result and the approximation are in agree-
ment.

The Bessel function J,(1x) is a solution of x?y” + xy' +
(A2x? —v?)y = 0. Establish the following results by making

the

change of variable x = 2 X in results (64) to (67), and

then replacing X by x.

12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22
23

d v _ v
. g[x J,(x)] = ax"J, 1 (Ax).
§[x"’]l,(x)] = —ax""J,11(Ax).
E[JU()Lx)] =21J1(Ax) — ;]U(Ax).
%["U(}‘x)] =—X Jv+1()"x) + ;]v()‘x)
d
S 1100] = 512 0) = T (0]
J,(Ax) = ;—i[]u_l()\x) + o1 ()]
Use (64) and (65) to show that
d
T (0] = x [77(x) = J2, ()]
Show that lim,_o Jo(x) = 1, lim,_ J,(x) = 0 for n =

1,2,... and, lim,_, J,(x) =0 for n=0,1,..., and
prove that

/oo Ji(x)dx = 1.

0

Use the results in Exercise 19 with (67) to show that
1:/ Jl(x)ds:/ Ji(x)dx = ---
0 0
=/ Jyp(x)dx =--- forn=0,1,....
0

In Section 7.3(d)(ii) it was shown that the Laplace
transform of Jy(x) was

L{Jo(x)} = W

Use this result to deduce the value of [;° Jo(x)dx, and
then use (67) together with the results of Exercise 20
to show that

1= /ODO Jo(x)dx = /:O Ji(x)dx = -/(;OO Ji(x)dx = ---

:/ J.(x)dx =--- forn=0,1,2,....

0
. Find (a) [ x*J>(x)dx and (b) [ x~3J4(x)dx.
. Express [J4(x)dx in terms of [ Jo(x)dx.
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24. Express [Js(x)dx in terms of Jo(x), J>(x), and J4(x).
25. Express [ xJi(x)dx in terms of [ Jo(x)dx.
26. Express [ x*Jo(x)dx in terms of [Jo(x)dx.

The exercises that follow, some of which are slightly harder,
provide background information about Bessel functions.

27.% By differentiating under the integral sign with respect

28.%

29.*

to x, integrating by parts, and combining results using
an elementary trigonometric identity, prove that

1 b
Jo(x) = —/ cos(x sin6)do
T Jo

is an integral representation of Jy(x) by showing that
it satisfies Bessel’s equation of order zero

xJ§ +Jy+xJy =0.

The function exp[3 (¢ — %)] is the generating function
for the Bessel functions J,(x), and it has the property
that when it is expanded in powers of ¢ (both positive
and negative),

exp[% (z — %)] = i Ja(x)t".

n=—00

Thus, J,(x) is the coefficient of ¢ in the expansion of
the generating function in powers of «. Expand the ex-
ponential as the product of the series for exp[xt /2] and
exp[—x/(2t)], and hence derive the first three terms of
the series expansion of Jy(x).

Differentiate the generating function partially with re-
spect to x and equate the coefficients of ¢ on each side

30.%

31.*

32+
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of the identity to prove that
270(x) = 1 (x) — T (x).

Differentiate the generating function partially with re-
spect to ¢ and equate the coefficients of #*~! on each
side of the identity to prove that

2n
an(X) = Ju-1(x) + Ty (x).
Substitute v = 1/2 in (54) and (58), and hence show
that j1/2 = 7-r2_x sin x and .],1/2()(') =

Use (66) together with results (73) and (74) to show
that

2 Cosx.
X

2 [/3 3
Jsp(x) =/ — (ﬁ - 1) sinx — ;cosx}

TX

2 3
J_sp(x) = gl I sinx + (F — 1) cosx:|

2 [/105 45 .
Jg/z(x) = E <? — ; —+ 1) sin x

(105 10) ]
— | — — —)cosx
x3 X

2 1 1
J_()/z(x) = — [(E — ;O) sin x

TX x3

105 45
+ —4——2—|—1 cosx|.
X X

and

8.7 __ Bessel Functions of the Second Kind Y, (x)
—

It was shown in the previous section that, with the exception of v = 1/2, the two
Bessel functions J,(x) and J_,(x) of the first kind are only linearly independent
solutions of Bessel’s equation when the roots of the indicial equation differ by an
integer. So it remains for us to find a second linearly independent solution when
v=nandn=0,1,2,.... We begin by considering the case n = 0, corresponding
to the repeated root v = 0, when it follows from Theorem 8.2(b) that the form of
solution to be expected in the case of Bessel’s equation of order zero

Bessel functions of
the second kind

is

xy'+y +xy=0

y(x) = Jo(x)Inx + Z bx" 1,

(75)

(76)

r=0



496

Chapter 8

Series Solutions of Differential Equations, Special Functions, and Sturm-Liouville Equations

Differentiation of (76) gives

o) | §
/ — / 1 1 , r
) = S+ =2+ )+ Dhyx

and

W) = J§ (o) Inx +

2J5(x)  Jo(x) -1
P +;(r+1)rb,x .

When these expressions are substituted into (75) the terms in Jy(x) cancel, causing

the equation to reduce to

[xJ (x) + J5(x) + xJo(x)] Inx + 2J5(x) + i(r + Drbx"
r=0

+ i(r +1)bx" + i b,x"*? = 0.
r=0 r=0

The logarithmic term vanishes because Jy(x) is a solution of (75), so the coef-

ficients b, are determined by the equation

200) + Y (r + Drbx” + ) (r + Dbx” + Y bx" 2 = 0.
r=0 r=0 n=0

To proceed further it is necessary to determine J;j(x), but this can be found by differ-
entiating (56) in Section 8.6. After cancellation of a factor 2m from the numerator
and denominator of the resulting expression, and noticing that the summation now

starts from m = 1, it is found that

© (_1)m x2m—1

T30 = 2 5 oy Ty

m=1
Combining this with the previous result gives

i (_1)m+1 x2m+1 i o0 i o
) AN+ rbx + Y+ Db+ Y bt =0.
sz(m + 1)'}’)’1' r=0 ' r=0 ' r=0 '

m=1

Shifting the summation index in the last term and combining the summations

reduces this to
(_1)m+1 x2m+1

= S 2 r_
;m+bo+4blx+2{(r+l) by + b2 }x" = 0.

r=2

We now make use of the fact that terms may be rearranged in an absolutely
convergent series in order to rewrite the last summation as a sum of even powers
of x and a sum of odd powers of x before combining the results. The preceding

equation then becomes
(_1)m+1 x2m+1

,; (s Dyl 040 3 {@m 4 1 bo + ba }x?"

m=1

+ Z[4m2b2m71 + b2n173]x2m_1 =0.

m=2
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Next we equate the coefficient of each power of x to zero in the usual man-
ner. As there is no constant term in the first summation, it follows that by = 0.
The recurrence relation in the second summation is (21 + 1)?by,,, + o2 = 0, s0
together with the result by = 0 this implies that by,, = 0form =0, 1,2, .... Setting
the summation involving even powers of x to zero brings the equation into the form

o0 (_1)m+1 x2m+1 3 [ 5 ] —_—
N o Abix + Y [A1Pba 1 + bas | = 0,
= 22m(m+1)!m!

m=2

We now equate to zero the coefficients of each remaining power of x, and
proceeding in this manner it is not difficult to show that the general coefficient
bym—1 can be written

_(—1)’"—1 1 1 1 _
b2m—1—m 1+§+§+'“+E , form=1,2,...,

so the second linearly independent solution is

B X (—1)m-1 x2m 11 1
yz(x)_Jo(x)lnx—f—'; TGl I+5+3+ -+ (77)

Defining 4,, as

1 1 1
hpy=14+=-4+=-4+--+— (78)
2 3 m

allows y,(x) to be written in the more convenient form

1)m—1 hmx2m

Y2(x) = Jo(x) Inx + Z = 22m(ml )2 (79)
m=1 :

The seriesin (79) can be shown to converge, though as the logarithmic term becomes
infinite at the origin, result (79) is only finite for x > 0.

As any linear combination of two linearly independent solutions of a differen-
tial equation is itself a solution, it proves to be convenient to take as the second
solution of Bessel’s equation of order zero the function Y;(x) defined as the linear
combination

2 () + (r — ln 2 RG], (80)

Yox) = —

where the constant y, called the Euler constant, is defined as

1 1 1
y = lim <1+—+—+--~+——lnm), (81)
2 m

m— o0 3

where y =0.577 215 664 901. ... This constantis also called the Euler-Mascheroni
constant, and on occasion it is denoted by C and sometimes by In y.
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is defined as

m—1
)= 0 (5 +) 35 G|

The reason for choosing this particular combination of functions in the definition of
Yo(x) is because of its convenient properties as x — oo. The function Yy(x) is also

called the Neumann or Weber function of order zero and denoted by Ny(x).

Some authors make a distinction in what they call a Bessel function of the
second kind, so there may be a difference between the Weber function Y, (x) and
the Neumann function N,(x). Because of this, care must be exercised when using

these functions in software packages.

Bessel functions of the second kind of integral order can be defined in similar
fashion, but to make them compatible with the functions J_,(x) introduced in

Section 8.6 the following definition is adopted:

Y, (x) =

pr— [/,(x)cosvr — J_,(x)]

with
Y, (x) = lim Y, (x).

Using this last result it is possible to show that for integral values of v the

function Y, (x) is given by

)+_Z( 1)m ](h +hm+n)x2m

22mtn il (m + n)!

Y(¥) = 20,00 (% +

1 (n—m—l)'
JTXn Z(] 22m !
m=

where, by definition, 4y = 1. It follows from this that the Bessel functions Y,,(x) and

Y_,(x) are linearly dependent, with

Yo, (x) = (=1)"Yo(x).

Graphs of the first three Bessel functions of the second kind are shown in

Fig. 8.7.
When x is small the following approximations are useful:

2 1‘! 2 v
Yo(x) ~ ~ In x and for v > 0, Y, (x) ~ — 7(:) <;> .

asymptotic form For large x, however, the asymptotic approximation to Y, (x) is

for Y, (x)

Y, (x) ~ \/gsin[x — (2‘):— 1) ni| .

The function Y;(x), called the Bessel function of the second kind of order zero,
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FIGURE 8.7 Bessel functions Yy(x), Y1 (x), and Y»(x) of
the second kind.

It follows from (86) and (87) that

lirr(l)YV =—00 and lim Y,(x)=0.

499

(88)

The zeros of Y,(x) are needed when working with Bessel functions, so the
locations of the first six zeros of Y, (x) for n = 0, 1, 2, 3 are listed in Table 8.2. The
rth zero of the Bessel function Y, (x) is denoted by y,, ,, so, for example, the second

zero of Yi(x) is y; o = 5.42968.

It is a consequence of the definition of Y, (x) that for all v the general solution

of Bessel’s equation in the standard form

Y xy +(*=1)y =0

is
y(x) = CiJy(x) + QY (x).
Similarly, the general solution of Bessel’s equation in the form
X2y +xy + (2% =)y =0
is

y(x) = C1J,(Ax) + G Y, (Ax).

TABLE 8.2 Zeros y,, of ¥, (x) forn=0,1,2,3

r Yo,r Yir V2.r Y3,r

1 0.89358 2.19714 3.38424 4.52702
2 3.95786 5.42968 6.79381 8.09755
3 7.08605 8.59601 10.02348 11.39647
4 10.22235 11.74915 13.20999 14.62308
5 13.36110 14.89744 16.37897 17.81846
6 16.50092 18.04340 19.53904 20.99728

(89)

(90)

1)

(92)
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Many differential equations can be solved in terms of Bessel functions after a
suitable transformation of the dependent variable. In particular, the equation

1=2 2 .22
v+ a v+ BRe2y2e2 4 a-—vc y=0
X x2

can be shown to have the solution

y(x) = x* Z,(bx°),

where a, b, and ¢ are numbers and Z, is any linear combination of J, and Y, (see

Exercise 16 at the end of this section).

The following is an application of Bessel functions to a simple physical problem.
It illustrates how, in this case, the conditions of the problem only allow a Bessel
function of the first kind to be retained in the solution. The problem, which is a

classical one, can be stated as follows.

Find the radial temperature distribution 7'(r) in a wire of circular cross-section
with 0 < r < R, when the electrical conductivity is o, the thermal conductivity is
K, and the wire carries a uniform current of density / amps per unit area of cross-
section. Assume that the temperature at the center of the wire is 7y and that the re-
sistance of the wire varies linearly with the temperature as « 7(r), with « a constant.

In order to formulate the problem in mathematical terms, we begin with the fact
that the rate of heat generation in a unit volume of the wire is given by JI%/o heat
units, where J is a physical constant (typically the number of calories in a joule).
It follows from arguments given later in Chapter 18 that the equation determining

the radial steady state temperature distribution is

d*T KdT onIzT JI?

dr? = r dr o o’

where the last term on the left takes account of the linear variation of resistance
with temperature, and the term on the right represents the heat generation due to

the current.

When divided by K, this is seen to be Bessel’s equation of order zero with a
nonhomogeneous term —JI%/ Ko, and it is easily shown to have the general solution

[aJ alJ 1
T(r):AJQ (Ir E)-FBY() (II" E) —;,

with A and B arbitrary constants. As the temperature must remain finite at the
center of the wire, we must set B =0 to remove the infinite value of ¥, when
r = 0. However, T(0) = Ty, so A= Ty + 1/« and the required radial temperature

distribution becomes

1 7\ 1
T(r) = (To+—> o <1r,/“—) ~Z for 0<r<R
o Ko o

order v.

It was seen in the previous section that when n is an integer /,(x) and J_p(x) are linearly
dependent. This section has shown how a second linearly independent solution Y, (x)
can be constructed that for all v is linearly independent of /,(x), so the general solution
of Bessel’s equation can always be written y(x) = AJ,(x) + BY,(x), where A and B are
arbitrary constants. The function Y,(x) is called a Bessel function of the second kind of
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EXERCISES 8.7

In Exercises 1 through 10, find the general solution of the 15. x?y" —3xy + (64x% — 8)y = 0.

differential equation. 16. Verify that y(x) = x* Z,(bx°) is a solution of (93) by
c X2y 4 xy + (2 —4)y=0. substituting for y(x) in the differential equation and
showing that this leads to the equation

p—

2. 4x%y" 4+ dxy' + (4x> — 1)y = 0.
3.xy"+y +xy=0. X2Z/(X)+ XZ ,(X) + (X? =) Z,(X) =0,
4. xy" +y + 1xy =0. . o
5. xy" +y +4x%y = 0; substitute u = x. with X = bx°. Hence, conclude that Z"(X,) is §1ther
6. X2y 4 3xy + (x* + 1)y = 0: substitute . J,(X) or Y,(X), and so, because of the linearity of
. ), +3xy’ Y= y= the equation, Z,(X) = C,J,(X) + G, Y,(X) must be a

7. x y’ +xy +4(x* = 1)y =0. solution.
8. xy"+y +9x’y = 0; substitute u = x°. 17. Use the substitution y(x) = x“u(x) to convert the
9. 4x?y” 4 (16x* + 1)y = 0; substitute y = x'/?u. equation

10. x?y" 4 5xy’ + (x* + 4)y = 0; substitute y = u/x. d

ay
Use (93) and (94) to find the solution of the differential g T + (1+Kx*)y =0,

equations in Exercises 11 through 15.
in which a is a parameter, into an equation for u(x).

2.0 / 4 —
1L xy" —xy'+ (4 = 3)y = 0. Find the values of a and v that make the equation in

12, xy" =3y +xy =0. u(x) Bessel’s equation of order zero. Use the result to
13. x%y" —xy' + (9x* + 1)y = 0. find the general solution y(x) that corresponds to this
14. x?y" —5xy + (16x* + 1)y = 0. value of a.

8.8 . Modified Bessel Functions /,(x) and K, (x)
I

Replacing the independent variable x in Bessel’s equation by ix changes the differ-
ential equation to

2y +xy — (F +17)y =0, (95)
Bessel’s modified called Bessel’s modified equation of order v.
equation It follows directly from Section 8.7 that Bessel’s modified equation has two

linearly independent complex solutions J,(ix) and Y, (ix). These solutions are not

convenient to use, so the process of scaling and combining linearly independent solu-

tions of a linear differential equation to form other solutions is used to produce two

real linearly independent solutions denoted by ,(x) and K, (x). These are called,

respectively, modified Bessel functions of the first and second kinds of order v.
The modification of J,(ix) is straightforward, because from (54)

; ( ) ( 1)m(l~x)2m+v x2m+v
viix) = E E
= 22mvmIT(m+ 1 + u) ¢ 22mvmIl(m+ 14 )’

so the factor iV is removed and the modified Bessel function of the first kind of
order v is defined as the real function

e 2m-+v

X
I(x) = .
2 ,;) 227 il (m + 1 + v) ©6)



502

Chapter 8  Series Solutions of Differential Equations, Special Functions, and Sturm-Liouville Equations

the modified Bessel
functions I,(x) and
K., (x)

Unlike the series for J, (x), the series for 7, (x) in (96) is no longer an alternating
series, though it converges rapidly. As with ordinary Bessel functions, provided v
is not an integer, the general solution of Bessel’s modified equation (95) can be
written

y(x) = Cllv(x) + CZva(x)' (97)

However, rather than use I_, (x), in its place it is usual to introduce the real function
K, (x) defined as the linear combination of real functions

K, (x) = (%) (I—v(x) - Iv(x)> , (98)

sin v

and to call K, (x) the modified Bessel function of the second kind of order v. It can
be seen from (98) that the functions /7, (x) and K, (x) are linearly independent.

The definition of K, (x) can be extended to the case in which v is an integer n
by defining the function K, (x) as

Ky(x) = lim (%) (M) . (99)

v—>n sin vt

Because of this extension of the definition of K, (x), the general solution of
Bessel’s modified equation (95) can always be written in the form

y(x) = CiL,(x) + G K, (x), (100)

with no restriction placed on v. The function K, (x) is also sometimes called the
Kelvin function.
Similarly, when Bessel’s modified equation is written in the form

2y 4+ xy — (W22 +13)y =0, (101)

its general solution is given by
y(x) = G L, (kx) + G K, (Ax), (102)

with no restriction placed on v.
This definition of Ky(x) leads to the expansion

Kox) = ~[in 3 +y] 1) + x2/4 (1 . 1) (x/4)?

2 (11)2 2/ (2!)? (103)
1 1) (x%/4)3
+(1+§+§) Gyt

with similar though more complicated expansions for K,(x).
Graphs of [y(x) and /;(x) and of Ky(x) and K;(x) are shown in Figs. 8.8 and 8.9,
respectively.
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1
2 2.5 3 x

FIGURE 8.8 Graphs of Iy(x) and 7 (x). FIGURE 8.9  Graphs of Ko(x) and K;(x).
The following are useful properties of I,(x) and K, (x):

ILh0)=1, 5L0)=0 forn=1,2,..., lirr(l) I,(x) =0,

104
K,(0) =00, lim K,(x)=0 forn=0,1,2,.... (104)
X—>00
asymptotic For small x
expressions for
modified Bessel 1 X\V
functions I,(x) ~ m <§> , Ko(x)=—-Inx and

v (105)
K, (x) ~ ? (%) for v > 0,

whereas for large x

1 /
L,(x)%\/zn_xe" and K,(x)~ ;—xe"‘. (106)

Results involving Bessel functions of the first and second kinds, together with
applications, are to be found in Chapter 5 of reference [3.7]. Chapters 9 to 11 of
Reference [G.1] and Chapter 17 of reference [G.3] give general information about
all types of Bessel functions. The standard encyclopedic work covering all aspects
of Bessel functions is reference [3.17].

Sum mary Modified Bessel functions were introduced, their series solutions were obtained, the general
solution was expressed in terms of /,(x) and K,(x), and asymptotic representations were
given.

EXERCISES 8.8

1. By differentiating the series for Iy(x), show that 3. Use the definition of 7,(x) to show that
Ij(x) = Li(x).

2. Use the definition of /,(x) to show that Lt (0) + Lo (x) = 20(x)  forv = 1.

2v 4. Use Lemma 6.1 of Section 6.3 to reduce Bessel’s mod-
Lo (x) = Ly (x) = ?Iv (x) forv=>1. ified equation of order v = 1/2 to standard form, and
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10.

e

hence show that
sinh x
N
cosh x

i

I12(x) is proportional to and

I_1,>(x) is proportional to

. Use asymptotic result (106) for 7,(x) when x is large

to find the constants of proportionality in Exercise 4,
and then use the result of Exercise 2 to find /3,5 (x) and
Vi —3/2 ()C ) .

. Use Lemma 6.1 of Section 6.3 to reduce Bessel’s mod-

ified equation of order v = 1/2 to standard form, and
hence show that when x is large two linearly inde-
pendent solutions of the equation are proportional to

e*//x and e ™ //x.

. Deduce the expressions for I,,,(x) and I3,,(x) from

the corresponding results for J.i,,(x) and Jy3,(x) in
(72) to (74) of Section 8.6.

. Use Abel’s formula in Exercise 6 of set 6.1 to show that

if y; and y, are any two linearly independent solutions
of Bessel’s modified equation, then

iy, — ny; =C/x,

where C is a constant introduced through the Abel
formula.

. Set y1(x) = I,(x) and y,(x) = I_,(x) in the result of

Exercise 8, where v is not an integer. Substitute the
series for 1,(x) and I_,(x), and by finding the coeffi-
cient of 1/x on the left-hand side identify the coeffi-
cient C. Use the result

r)rl—z) = —

sinmz
to show that
2
IV I -1 va =——sii .
()1, (x) = I (x) [ (x) — sinvx

Use the definition of K, (x) with the result of Exercise 9
to show that

L(x)K/(x) — I'(x)K,(x) = —%.

11.*

12.%

Series Solutions of Differential Equations, Special Functions, and Sturm-Liouville Equations

The amplitude R(r) of the small symmetric vibrations
of a flexible annular disc a < r < b normal to its sur-
face with its outer edge free and its inner edge fixed to
arod that oscillates along its length is governed by the
equation

d*R 2d°R 1d*R 1dR
dr# + r dr? r3 dr

Show by expressing the equation as

&2 1d &2 1d
Lt ) (S f )R
(dr2+rdr )(dr2+rdr+> 0

that its general solution is

R=0.

R(r) = Aly(r) + BYy(r) + CIy(r) + DKy(r),

where A, B, C, and D are arbitrary constants.

In partial differential equations that govern physical
phenomena with cylindrical and spherical polar co-
ordinates, the following equation describes the radial
variation R(r) of the solution as a function of the ra-
dius r (see Chapter 18):

d*R 1dR n?
—+-——+(2*-=)R=0.
dr? + r dr +< r2>

Here, 2 is a parameter and n =0, 1, 2, .... Show that
the general solution of the equation is

R(r) = Al,(3r) + BY,(xr).

Find the form of the solution of the following boundary
value problems, given that R(r) remains bounded, and
determine the permissible values of the parameter A.

(i) 0 <r < a,for all n with the boundary conditions

R(a) =0.
(ii) b <r <, for all n with the boundary conditions
R(b) = R(c) = 0.

(iii) 0 <r < a, for all n with the boundary conditions
R(a) + kR'(a) = 0(k = const).

(iv) b <r < c,forn = 0with the boundary conditions
R(b) = R'(¢) =0.

A Critical Bending Problem:
Is There a Tallest Flagpole?

The implication of the question posed in the section heading will have been ex-
perienced by anyone who has tried holding a long, thin, flexible rod in a vertical
position. If the rod is short, and its tip is given a small sideways displacement and
released, the rod will perform transverse oscillations until it reaches an equilibrium
position in a bent shape because of supporting its own weight. The longer the rod,
the larger the amplitude of these oscillations, and the greater the bending under its
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own weight when in equilibrium, until at some critical length the rod will bend until
its tip just touches the ground, after which it will remain in that position.

An idealization of this phenomenon can be modeled by a long, thin, flexible
flagpole of uniform cross-section, the base of which is clamped in the ground so
the pole is vertical. We then ask at what length will the pole become unstable, so
that any displacement of the top of the pole will cause it to bend under its own
weight until the top of the pole touches and remains in contact with the ground?
This question can be posed in mathematical terms, and it is the one that will be
answered here.

The solution to this question will involve the use of Bessel functions, but the
linear differential equation involved will have to satisfy a two-point boundary con-
dition instead of the initial conditions we have considered so far. This means that
the existence and uniqueness of solutions to initial value problems guaranteed by
Theorem 6.2 no longer applies, so even when a solution can be found it may not be
unique — more will be said about this later.

Let us model the problem by considering a thin uniform flexible rod of length
L with a constant cross-section that is constructed from material with a Young’s
modulus of elasticity E, with the moment of inertia of a cross-section about a
diameter normal to the plane of bending equal to /. The line density along the rod
will be assumed to be constant and equal to w. The x-axis will be taken to be vertical
and to coincide with the undistorted axis of the rod, with its origin located at the
base of the rod. The horizontal displacement of the rod at a position x will be taken
to be y, as shown in Fig. 8.10.

Itis known from Section 5.2(f) that if the moment acting on the rod at a position
x is M(x), the equation governing its transverse deflection y when in equilibrium is

2
EIQ = M(x). (107)
dx?
The shear on the rod at point x is the force exerted perpendicular to the axis of the
rod at x due to the weight of the rod extending from x to the top at P. As the length
of this part of the rod is L — x, and its line density is w, the weight of this section is

W=w(L-x)sin6

y

FIGURE 8.10 Equilibrium position of the
rod when bent under its own weight.
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given by w(L — x), so the component W of this force normal to the axis of the rod

at x is simply

W =w(L— x)sin#,

where 6 is the angle of deflection of the rod from the vertical at point x, as shown

in Fig. 8.10.
It is known from mechanics that the shear on a rod is given in terms of the
moment M(x) by
dm
— = —W(x).
. (x)

We now make the approximation that the deflection at point x on the rod is small, so
sinf ~ tan 0 = dy/dx, and by combining (107) to (109) we arrive that the govern-
ing equation for the deflection, which is the third order linear variable coefficient

differential equation

dy dy
El— L—x)— =0.
dx3 +w( x)dx

Making the change of variable z = L — x brings (110) to the more convenient form

& d
(&) -

To apply this to our problem it is necessary to determine appropriate boundary
conditions to be applied at the base and top of the rod. An obvious condition to
be applied at the base is that due to clamping the pole in a vertical position at the
origin, (dy/dx)x=o = (dy/dz).—;. = 0. To arrive at a second condition we notice that
when the rod is bent and in equilibrium, there can be no bending moment at the
top of the rod, so it can have no curvature at that point. Recalling that the radius

of curvature p of a plane curve y = y(x) is

o= At O
y//

s

we see that the rod will have no curvature at x = L (equivalently at z = 0) when

p = oo, corresponding to (d?y/dx?) = = (d*y/dz*),—o = 0.
Setting u(z) = dy/dz, these two boundary conditions become

u(L)=0 and (du/dz),—o=0.

Equation (111) is third order, but in terms of u(z) it is only second order, and we
have found two conditions on u(z) from which to determine u. Fortunately, we only
need to work with u(z) to solve our problem. This is because we will soon see that
the two-point boundary conditions (113) applied to the differential equation for u

%—l—(%)zu:O

will provide sufficient information for us to find the critical length at which bending

occurs.

Identifying equation (114) with (93) from Section 8.7, with x replaced by z,

shows that

1-2a=0, 2c—2=1, a*>—-v’¢®=0, and b’c® =w/EI,
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SO

2 /w
a /2, ¢=3/2, v /3, and b 3V El (116)

Using this information in the solution (94) to equation (93) in Section 8.7 gives

u(z) = Civ/z I3 @ \/g Z3/2> + Gz 3 @ \/gz*n) _ 117)

Noticing from (71) of Section 8.6 that for small z

1 Z

1 v —v
WO® iy (3) ™ @~ ()

we see that close to the top of the rod, that is, for small z, u(z) can be approximated

by
z 1w\’ 1 1w\
w2~ Qg (3\/ E) QT (5\/ E) '

Differentiation of this result gives

, 1 /1 w7
YO~ (7))

but to satisfy the second boundary condition (du/dz),—o = 0, we must set C; = 0,
causing solution (117) to reduce to

w(z) = Cov/zJ 13 @\/gz3ﬂ> . (118)

Applying the remaining boundary condition u(L) = 0 to (118) gives

. 2 /w 32
o_cszJm(3 /EIL ) (119)

and this will be satisfied if either C; = 0 or J_y3(3,/75 L*?) = 0. The first condition
C, = 0 corresponds to the unstable equilibrium configuration in which the rod is
vertical, and so must be rejected, whereas the second condition corresponds to the
required critical bending condition, and it will be satisfied when L is such that it
causes J_j,3 to vanish.

It is at this stage that we discover the boundary value problem does not have a
unique solution, because the asymptotic behavior of J_; 3 givenin (70) of Section 8.6
shows that it has infinitely many zeros. To resolve this difficulty, and to find the
length at which critical bending occurs, we must now seek a selection criterion for
the length from outside the description of the physical situation provided by the
differential equation.

Such a criterion is not hard to find, because critical bending must occur at the
smallest value of L, say at L., that satisfies the condition

2 Iw
Joanl2./=—01) =0, 120
1/3<3,/E c> (120)

because if critical bending occurs when L = L., it will certainly occur at any larger
value of L.
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Summary

J_13(x)
2.5

2
1.5
1
0.5

...|...|.m..

2 4 6 8 X

-0.5

FIGURE 8.11 Graph of J_j,3(x) showing its first
few zeros.

A graph of J_;3(x) is shown in Fig. 8.11, from which it can be seen that the first
zero «a of J_j,3(x) occurs at around the value o ~ 1.87, though numerical calcula-
tion provides the more accurate value o = 1.86635. ... However, this accuracy is
unnecessary, because the approximations made when modeling the physical situa-
tion introduce errors of sufficient magnitude that the value o &~ 1.87 is adequate.

Using the value o = 1.87 shows that the length L. for critical bending must

satisfy the formula
2 [w
S =1~ 1.87,
3VEI ©

EIN\3
L.~1.99 <—) .
w

which is equivalent to

This approximation shows, as would be expected, that if the rod is not cylin-
drically symmetric about its axis, the critical length L. will depend on the plane in
which bending occurs, because the moment of inertia will depend on the direction
in which the rod bends. Thus, for example, the critical length of a rod with a rectan-
gular cross-section that bends in a plane parallel to one pair of its faces will differ
from the critical length when bending occurs in a plane parallel to its other pair of
faces. In such cases the model used is too simple, because twisting (torsion) will be
likely to occur, causing the rod always to buckle in such a way that L, assumes its
smallest possible value.

The simplest case arises when the rod has a circular cross-section of radius a, for
then the moment of inertia of the cross-section about any diameter is I = wa*/4.
When this expression is substituted into the approximation for L., we obtain the

approximation
E 4N 1/3
Le~125 (—“) .
w

In addition to involving Bessel functions, this idealization of a physical problem has il-
lustrated the way in which a mathematical approach can sometimes lead to more than
one solution, only one of which can be regarded as an approximation to the situation in
the real world. The choice of the appropriate solution was seen to be based on an addi-
tional physical consideration that was outside the original formulation of the mathematical
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problem. This situation is not unusual in applied mathematics, where the choice of solu-
tion is often based on stability considerations, a physically possible solution being stable,
whereas a nonphysical solution is unstable and so will not be observed. A different example
occurs in the study of shock waves in air where two solutions are mathematically possible,
though only one is physically realizable. In that case the selection principle is based on the
thermodynamics of the problem, though it can also be based on stability considerations.

8.10 . Sturm-Liouville Problems, Eigenfunctions,
and Orthogonality

Mathematical models of physical situations arising in engineering and physics lead
to two-point boundary value problems for a function y(x) that is defined over an
interval @ < x < b and satisfies a differential equation of the form

Y'(x) + P(x)y'(x) + (Q(x) + AR(x))y(x) = 0, (121)

in which A is a parameter. This equation always has the solution y(x) = 0, called
the trivial solution, but if it is to have nontrivial solutions (solutions that are not
identically zero) satisfying boundary conditions at x = a and x = b, the parameter
A cannot be arbitrary. In what follows our purpose will be to find constant values of
A for which nontrivial solutions exist satisfying given boundary conditions. It will be
seen later how these nontrivial solutions can be used to generalize series expansions
of arbitrary functions over the interval a < x < b that, along with other uses, are
needed in Chapter 18 when solving partial differential equations by the method of
separation of variables.

To proceed further we will write (121) in a more convenient form, and to this
end we simplify its first two terms using the method developed in Section 5.6 when
finding an integrating factor for a linear first order equation. Defining the function

p(x) as
p(x) =exp |:/ P(x)dx:| ,

and multiplying (121) by p(x) gives
P (x) + P(x)y' ()] + p(x)(Q(x) + AR(x)) y(x) = 0.

However,

POOLY () + POy ()] = [()
so the equation becomes
[()y(q+p@XQ@HJR@Dﬂﬂ=O

Finally, setting q(x) = p(x)QO(x) and r(x) = p(x)R(x) allows equation (121) to be
written in the form

dy(X)}

[()y(q+M@HJNMﬂm=0 (122)

In what follows p(x), q(x),r(x), and p'(x) will be assumed to be continuous
functions defined on a closed interval a < x < b on which p(x) > 0,r(x) > 0.
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Differential equations with these properties and written in this form are called
Sturm-Liouville equations, and the type of boundary conditions that are to be
imposed will be introduced after the following typical examples of these equations.

JACQUES CHARLES FRANCOIS STURM (1803-1855) AND JoSEPH LiouVviLLE (1809-1882)
Sturm, who was born in Geneva, Switzerland, was Poisson’s successor in the Chair of Mechanics
in the Sorbonne. Much of his work was in algebra, where he worked on the determination of
intervals on the real line inside each of which was located one real root of a polynomial, though
he also worked on the study of heat flow introduced by his contemporary Joseph Fourier.
Liouville, a professor at the Collége de France, also studied algebraic problems and, in particular,
quadratic forms, though he also made contributions to elliptic functions and to complex analysis.
Sturm and Liouville, who were friends, collaborated on the eigenvalue and eigenfunction
problems raised by the study of heat flow, and together their work led to what is now called the
study of Sturm-Liouville systems.

Simple harmonic motion equation
examples of

Sturm-Liouville The differential equation describing undamped simple harmonic oscillations
equations

V' +nty=0 (123)
follows from (122) by setting p(x) =1, g(x) = 0,7(x) = 1, and » = n?.

The Legendre equation

The Legendre equation encountered in (10) of Section 8.2, usually written
1 —=x%)y" —2xy +a(a+1)y =0, (124)
follows from (122) by setting p(x) =1 —x%,q(x) =0,7(x) =1, and A = a(a + 1).

Bessel’s equation

When Bessel’s equation of order v is written in its more general form

x2y" +xy + (Kx* =)y =0, (125)
the equation follows from (122) by setting p(x) = x, g(x) = —v?/x, r(x) = x, and
A=k
The Chebyshev equation

The Chebyshev equation of order v is
A=x%)y —xy +nty=0, (126)

and the equation follows from (122) by setting p(x) = (1 — x?)/2, q(x) = 0,r(x) =
(1 =x*)"12,and 1 = n?.

For future reference, Table 8.3 lists p(x), g(x), r(x), and A for the preceding
equations, together with three other named equations that find applications in nu-
merical analysis and elsewhere.
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TABLE 8.3 p(x), g(x), r(x) and A for Some Named Equations

Name p(x) q(x) r(x) A
Simple harmonic equation 1 0 1 n?
Legendre’s equation 1—x? 0 ale+1)
Bessel’s equation X —v?/x X i
Bessel’s modified equation X —v2/x —X 2
Laguerre equation xe ¥ 0 e n
Chebyshev equation 1 —x>)12 0 1—x%)"12 n?
Hermite equation e 0 e 2n

When the Sturm-Liouville equation (122) is associated with boundary condi-
tions at x = a and x = b, the equation itself together with the boundary conditions
form what is called a Sturm-Liouville problem. The boundary conditions that will
concern us here are the homogeneous boundary conditions,

Ary(a)+ Ay (a) =0 and Byy(b) + Byy'(b) =0, (127)

where the term homogeneous is used in the sense that the linear combinations of
y(x) and y'(x) at x = a and x = b are both equal to zero. There are three cate-
gories of Sturm-Liouville problems that arise, called regular, periodic, and singular
problems according to the nature of the boundary conditions and the behavior of
p(x) at the boundaries.

Regular Sturm—Liouville problems

Regular problems are those for which constant values of A are sought corresponding
to each of which a nontrivial solution can be found for the Sturm-Liouville equation

(Py') +(q+2r)y =0,
with p(x) > 0 continuous on a < x < b and subject to the boundary conditions
Ary(a)+ Ayy'(a) =0 and Byy(b) + B,y (b) =0,
where in neither of the boundary conditions do both constant coefficients vanish.

Periodic Sturm-Liouville problems

This class of problems arises when p(x) and the boundary conditions involving y(x)
and y’(x) are periodic over the interval @ < x < b. In this case constant values of A
are sought corresponding to each of which a nontrivial solution can be found for
the Sturm-Liouville problem

(py') +(q+2r)y =0,
subject to the periodic boundary conditions

pla) = p(b), y(a)=y(b), and y'(a)=y'(b).
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EXAMPLE 8.18

Singular Sturm-Liouville problems

In this class of problems constant values of A are sought, corresponding to each of
which a nontrivial solution can be found for the Sturm-Liouville equation

(pyY) +(q+rr)y=0,

on a finite interval at one or or both ends of which p(x) or r(x) vanish, or on a semi-
infinite or infinite interval. The most frequently occurring problem of this type,
and the only one to be considered here, is the Sturm-Liouville problem defined
on a finite interval @ < x < b, where the singular point is located at either x = a or
x = b,sothateither p(a) = 0or p(b) = 0. In such cases the boundary condition that
is often imposed at the singular point takes the form of the requirement that the
solution remains bounded there. Typically, this happens when a bounded solution of
Bessel’s equation of the form y(x) = AJy(x) + BYy(x) is required over an interval
0 < x < a, because then the requirement that the solution remains bounded at the
singular point located at x = 0 means we must set B = 0 to exclude the infinite
value of Yy(x) atx = 0.

When dealing with Sturm-Liouville problems, each value of A for which a
nontrivial solution can be found is called an eigenvalue of the problem, and the
corresponding solution y(x) is called an eigenfunction of the problem. Because
the Sturm-Liouville equation (122) is homogeneous, it follows that an eigenfunc-
tion can be multiplied by any constant factor and still remain an eigenfunction.
This simple but fundamental property will be used repeatedly, first when normal-
izing eigenfunctions and later when representing arbitrary functions defined over
an interval [a, b] in terms of series of eigenfunctions, as is done in Chapter 9 when
working with Fourier series. Such representations of functions are called eigenfunc-
tion expansions.

In most practical situations an eigenvalue is associated with an important phys-
ical characteristic of the problem, such as the frequency of vibration of a string or
of a metal plate. In such cases the eigenfunction can be considered to describe a
“snapshot” of a particular mode of vibration of the string or plate when it vibrates at
the frequency determined by the associated eigenvalue. This application, and oth-
ers that lead to Sturm-Liouville problems, will be developed in detail when partial
differential equations are discussed in the context of separation of variables.

A Regular Problem
Find the eigenvalues and eigenfunctions of the two-point boundary value problem
y// + )\’y — 07
such that
y(0)=0 and y'(x)=0.

Solution The interval over which the eigenfunctions are defined is 0 < x < .
We need to consider the three cases A = 0,A < 0, and A > 0. The homogenous
boundary conditions in this problem are of the type given in (127) with A, =0

and B; = 0, where the values of the constants A; and B, are immaterial provided
neither is zero.
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Case A =10
When A = 0 the equation has the general solution

y(x) = Cx + G,
so to satisfy the boundary condition y(0) = 0 we must have C, = 0, and to satisfy
the boundary condition y'(7) = 0 we must have C; = 0, giving rise to the trivial
solution y(x) = 0. Thus, A = 0 is not an eigenvalue of the problem.
Case A <0
If we set A = —u?, the general solution becomes

y(x) = Cie"* + Cre ™,
so the imposition of the boundary conditions requires that
0=C+GC and 0= puCe" —puCe .

After the elimination of C,, this last result can be written

0 =2uCy cosh urm,
but 1 > 0, so as cosh um # 0, this is only possible if C; = 0, so again we obtain the
trivial solution showing that the problem has no negative eigenvalues.
Case A >0

As ) > 0, it is convenient to set A = u?, when the general solution of the equation
becomes

y(x) = Cicos ux + nCy sin pux.

Applying the boundary condition y(0) = 0 to the general solution gives C; = 0, and
applying the boundary condition y'(7) = 0 gives

uCycosumr =0,
so either C; = 0 or cos umwr = 0. If we take C, = 0, then as C; = 0 we obtain the
trivial solution, so we must take C, # 0. The condition cos uzm = 0 is satisfied if
wur is one of the zeros of the cosine function given by i%(Zn + Dn, forn=0,1,

2,....
Denoting the permitted values of x by u,, we arrive at the condition

1
,u,nzzi:E(ZrH—l), withn=0,1,2,....

The eigenvalues of this problem corresponding to the parameter A = u? are thus

2n + 1)?
.= w, withn =0,1,2. ...
and the corresponding eigenfunctions are
2n+1
Vu(x) :sinw withn=0,1,2,....

When writing down the form of the eigenfunction y,(x), we have set C; =1
because, as has already been remarked, an eigenfunction can be multiplied by any
constant nonzero factor and still remain an eigenfunction.
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EXAMPLE 8.19

This example has shown the existence of an infinite increasing sequence of pos-
itive eigenvalues 2, corresponding to each of which there is a nontrivial solution of
the Sturm-Liouville problem, namely the eigenfunction y,(x) = sin p,x. If © # w,,
then the Sturm-Liouville problem only has the trivial solution y(x) = 0. ]

A Periodic Problem
Find the eigenvalues and eigenfunctions of the Sturm-Liouville equation

Y'+ry=0
subject to the conditions

y(0) = y(L), y'(0)=y'(L).

Solution The interval over which the eigenfunctions are defined is 0 < x < L,
and as in Example 8.18 we must again consider the three cases A =0, 2 < 0, and
A > 0.
Case A =10
As in the previous problem, the general solution is
y(x)=Cix + G,
so applying the boundary condition y(0) = y(L) leads to the result C; = C; L+ C;,
from which it follows that C; = 0. As y’(x) = C; the boundary condition y'(0) =
y'(L) is automatically satisfied, showing that y(x) = C,, with C, any nonzero con-
stant. This shows that in this case A = 0 is an eigenvalue, and that y(x) = C, (G, is
an arbitrary nonzero constant) is the corresponding eigenfunction.
Case A < 0
If we set A = —u?, the general solution becomes
y(x) = Cie"* + Ce .
The boundary condition y(0) = y(L) leads to the condition
Cl(l - e“L) = Cz(eiﬂl‘ - 1),
and the boundary condition y’(0) = y’(L) leads to the condition
Ci(1 — ety = —Cy(e™*E —1).
This last condition is only possible if C; = 0, but then C, = 0, so we again obtain
the trivial solution. Consequently, we conclude that this problem has no negative
eigenvalues.
Case A >0
Setting A = u? the general solution of the equation becomes
y(x) = Cj cos pux + Cy sin pux.
The boundary condition y(0) = y(L) leads to the condition
Ci(1—cospul)=CysinulL,
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and the boundary condition y’(0) = y’(L) leads to the condition
C(1 —cospul)=—CysinpulL.
Eliminating C, between these two equations and simplifying the result gives
2Ci(1 —cospu L) =0.

This condition is satisfied if either C; = 0, orif cosuL = 1. If C; = 0, then C, = 0,
and we obtain the trivial solution, so the only other possibility is that cos u L = 1.
This last condition will be satisfied if ;L is zero or an integer multiple of 27, so

wlL=+2nmr forn=0,1,2,...,

or
un==+2nw/L forn=0,1,2,....
As A = u? the eigenvalues are seen to be
Ap = 4n2n2/L2, forn=0,1,2,....
The corresponding eigenfunctions are

Ya(x) = Cy cos pwpx + Gy sin u,x,

or
Vu(x) = Ci cos(Rnnx/L) + Gy sin(2nrx/L), forn=0,1,2,...,

where not both constants C; and C, are zero. Because C; and C, are arbitrary, and
both the cosine function and the sine function satisfy the Sturm—-Liouville equation
and the boundary conditions, by first setting C; = 1 and C; = 0 and then C; = 0 and
C, = litisseen that in this case the single eigenvalue 1, = 4n°7?/L? has associated
with it the two distinct eigenfunctions

yD(x) = cos(2nnx/L) and y?(x) = sin(2nmx/L). u
The eigenvalues in Sturm-Liouville problems are not always determined as
easily as in the previous examples, and this is illustrated by the next example.
Find the eigenvalues and eigenfunctions of the Sturm-Liouville equation
y'+2ay=0,
subject to the conditions

y(0) = y'(0)=0, y(1)+y(1)=0.

Solution The interval over which the eigenfunctions are definedis0 < x < 1, and
as before we must again consider the cases A = 0,1 < 0,and » > 0.
Case A =0
The general solution is
y(x) =Cix + G,

so applying the boundary condition y(0) — y'(0) = 0 shows that C, — C; = 0, while
applying the boundary condition y(1) + y’(1) = 0 gives the condition 2C; + C, = 0.
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The only solution for these equations is C; = C, = 0 corresponding to the trivial
solution, so A = 0 is not an eigenvalue of the problem.
Case A < 0
Setting & = —u? leads to the general solution
y(x) = G + Cre ™.

Applying the boundary condition y(0) — y'(0) = 0 leads to the condition

Ci(1 =)+ G +u) =0,
and applying the boundary condition y(1) 4+ y'(1) = 0 leads to the condition

Cl(1+ w)e" + C(1 = p)e™] =0,

As a factor u — 1 appears, we must consider the cases © = 1 and p # 1 sepa-
rately. If u = 1, the first equation gives C; = 0, and the second one gives C; = 0,
corresponding to the trivial solution. So u = 1 is not an eigenvalue. If u # 1, elim-
inating C, between these two equations leads to the condition

CI(1 + et — (1= p)e "] = 0.
As >0, (u+1)%"* > (u—1)%e7*, showing that the bracketed term is non-
vanishing, from which we conclude that C; = 0,and so C, = 0, corresponding to the
trivial solution. Thus, this Sturm-Liouville problem has no negative eigenvalues.
Case X >0
Setting A = u? leads to the general solution

y(x) = Cj cos ux + C; sin px.
Applying the boundary condition y(0) — y’(L) = 0 shows that
C—nG =0,
and applying the boundary condition y(1) + y'(1) = 0 gives
Cicospu+ Gysinp — puCysin e + uCycos = 0.

Eliminating C; between these two equations, we obtain

Go[2pmcos pu + (1 — p?)sinpu] = 0.

The constant C, cannot be zero, because then C; = 0, corresponding to the
trivial solution, so 1 must be a solution of the equation

2ucos 4+ (1 —p?)sinpg =0
or, equivalently, u, is a solution of the transcendental equation
2pun
na—1

n

tan u, =

This equation can only be solved numerically, but approximate solutions can be
found graphically. Figure 8.12(a) shows graphs of y = tan u and y = 2u/(u? — 1),
and the required solutions p, are the values of u at which the graphs intersect. It
has been shown that = 1 is not an eigenvalue, so the permissible values of p,, are
all greater than 1. The vertical lines to the right of x = 1 are the asymptotes to the
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Y y=2x/(x2-1)
Sp
4t
3F
: y=2x/(x2-1)
b / y=tanx
1t
’ I .
0 x 2 3 4 x
() (b)

FIGURE 8.12 The roots of tan pu = 2u/(u? — 1).

tangent function, and the vertical line at x = 1 is the asymptote to 2x/(x> — 1), to
the right of which must lie all the solutions w,. The graph in Fig. 8.12b, drawn on
a larger scale, shows that the first two values of u are approximately 1 = 1.3 and
w2 = 3.7. A numerical calculation using Newton’s method described in Chapter 19
gives the better approximations 1 = 1.30654 and u = 3.67319. It can be seen from
Fig. 8.12a that when n is large p,, ~ nm. ]

A Singular Problem

PETTITTEI Find the eigenvalues and eigenfunctions of Bessel’s equation

x2y// +xy/ + (k2x2 _ n2)y =0
on the interval 0 < x < a on which the solution is bounded with y(a) = 0.

Solution Thisis asingular Sturm-Liouville problem, because when Bessel’s equa-
tion is written in the Sturm-Liouville form

d [ dy n?
— x> Bx>——)y=0
dx |:xdxi| * ( o)
with p(x) = x, g(x) = —n?/x,r(x) = x, and A = k> (see Table 8.3), it is seen that

p(0) =0.
The general solution is

y(x) = CiJu(kx) + G Y, (kx),

but Y, (kx) is infinite when x = 0, so for the solution to remain finite over the interval
0 <x <awemustset C; = 0.
The solution now reduces to

y(x) = CrJn(kx),
so if the boundary condition y(a) = 0 is to be satisfied we must set
Ju(ka) = 0.

This condition will be satisfied if ka is one of the zeros of J,(x). If we denote the
zeros of J,,(x) by jn,, withr = 1,2, ..., it follows that £k must be such that it assumes
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orthonormal
systems

one of the values
kn = jur/a, withr=1,2,....
Thus, the eigenvalues A, = k2 are given by
o
and the corresponding eigenfunctions are
vr(x) = Lu(Jurx/a), withr =1,2,...,

where for convenience we have set C; = 1. Table 8.1 lists the first six zeros of J,,(x)
forn =0, 1, 2, 3. Thus if, for example, we consider the case n = 0, the corresponding
zeros are seen to be jo1 = 2.4048, jo, =5.5201..., so the eigenvalues are A =
5.7832/02, A = 30.4711 /az, ..., and the corresponding eigenfunctions are

yi(x) = Jp(2.4048x/a), y,(x) = Jop(5.5201x/a), .... [ |

Orthogonal and Orthonormal Systems
of Functions

When working with eigenfunctions it is useful to introduce the notions of orthogonal
and orthonormal systems of eigenfunctions that are defined as follows.

Let ¢1(x), ¢2(x), ... be an infinite sequence of functions defined over the inter-
val @ < x < b on which a function r(x) > 0 is defined. Then the functions are said
to be orthogonal with respect to the weight function r (x) if

/b r(X)m(x)@,(x)dx =0 for m # n.

Clearly, the integral fab r(x)@m(x)@,(x)dx > 0 when m = n, so we can define a num-
ber |¢,(x)|l, called the norm of ¢, (x), where the square of the norm is defined as

b
lon(O)IP = / ()2 (x)dx.

a
Using this definition of the norm it is easy to see that the sequence of normalized

functions ¢1(x) = @1(x)/llg1 (), p2(x) = @2(x)/ll@2(x)ll, . . . has the property that

b
/ Om(X)Pu(x)r(x)dx =0, form#n
and

/b Om(X)Pp(x)r(x)dx =1, form=n.

a

The sequence of functions ¢1(x), @2(x), . .. derived from the sequence of orthogonal
functions ¢1(x), g2(x), ... by normalization is said to form an orthonormal sequence
of functions.
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In what follows the orthogonality of eigenfunctions will be used extensively,
but for the moment it will be sufficient to give a single elementary example of an
orthogonal sequence of functions.

Show that the sequence of functions
1, cosx, sinx, cos2x, sin2x, cos3x, sin3x, ...

is orthogonal over the interval —7 < x < & with respect to the weight function
r(x) = 1, and use it to construct an orthonormal sequence.

Solution The functions in this sequence occur in the Fourier series representation
of an arbitrary function f(x) defined over the interval —7 < x < x thatis discussed
in Chapter 9. Routine calculation shows that for m # n,

T

T T
/ sinmx sinnx dx = 0, / cosmxcosnxdx =0, / sinmx cosnx dx =0,

-7 g g

and

T T g
/1dx=2n, /sinznxdxzf cos? nxdx = , n=1,2,...,

while [ 1-cosmxdx = [7 1-sinmxdx = 0.
So the functions

1, cosx, sinx, cos2x, sin2x, cos3x, sin3x, ...

are orthogonal over the interval —7 < x < 7 with respect to the weight function
r(x) = 1. The respective norms are ||1|| = +/27 and | sinnx| = || cos nx|| = /7, so
the sequence of functions

1/3/27, (sinnx)//m, (cosnx)//m, withn=1,2,...,

forms an orthonormal sequence. ]

Fundamental Properties of Eigenvalues

The theorem that follows lists the most important properties of the eigenvalues and
eigenfunctions of Sturm-Liouville problems. Apart from the important Rayleigh
quotient that occurs in Theorem 8.3 (5), the other properties are all qualitative and
their main use is to provide general information about eigenvalues that is often of
considerable value when working with physical problems.

For convenience, the proofs of all results in Theorem 8.3 that can be established
in a straightforward manner have been included in an appendix at the end of this
chapter. The proofs of the other results can be found in the references listed at the
end of the chapter. A reader who does not require the proofs that are given here
may omit them, though the properties themselves should be understood.

A Sturm-Liouville theorem

1. Regular and periodic Sturm-Liouville problems have an infinite number of
distinct real eigenvalues A1, A2, ..., that can be arranged in order so that

A.1<A.2<)\.3<...,
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where the smallest eigenvalue 1 is finite, and

lim A, = oo.
n—0oQ

2. To each eigenvalue of a regular Sturm-Liouville problem there corresponds
only one eigenfunction that is unique apart from an arbitrary multiplicative
constant.

3. Let the eigenfunctions of a Sturm-Liouville problem on an intervala < x < b
with weight function r(x) be denoted by ¢y, ¢, ..., with the corresponding
eigenvalues A1, A2, .... Then, if ¢,, and ¢, are eigenfunctions corresponding
to two distinct eigenvalues A, and A, (A, # A, for m # n), the functions are
orthogonal with respect to the weight function r(x), so

b
[ reentrentrar =o.

4. All the eigenvalues of a Sturm-Liouville problem are real.

5. Let A, be an eigenvalue of a regular Sturm-Liouville problem, with ¢, its
associated eigenfunction defined on an intervala < x < b. Then 1, is given in
terms of the Sturm-Liouville functions p, g, r, and the boundary conditions
by the Rayleigh quotient

/ b / b
_ —lpeng 1 + [, p(@))2dx — [, qep dx
fab ro?dx

An

6. Let 1, be an eigenvalue and ¢, be the corresponding eigenfunction of a reg-
ular Sturm-Liouville problem defined on a < x < b. Then if g(x) < 0 and
[p(x)@ngl]2 < 0, all the eigenvalues are nonnegative.

7. The nth eigenfunction of a regular Sturm-Liouville problem defined on the
interval a < x < b has exactly n — 1 zeros lying strictly inside the interval.

8. Let two regular Sturm-Liouville problems defined on an interval a < x < b
be such that [p(x)g,¢,]? = 0 and differ only in their coefficients p(x). Fur-
thermore, let the problem with the coefficient p;(x) have the eigenvalues
Ail), Agl), ..., and the problem with the coefficient p,(x) have the eigenvalues

)»52), Agz)’ .... Then, if p1(x) > pa(x),
AD 52D forn=1,2,....

9. Let a regular Sturm-Liouville equation with g(x) < 0 be defined on an in-
terval ¢ < x < b and have boundary conditions such that the first term in the
numerator of the Rayleigh quotient in Property 5 is zero. Then reducing the
length of the interval a < x < b will not reduce the value of any eigenvalue. H

Remarks about Theorem 8.3

Property 1 ensures that the eigenvalues are distinct (4, # A, if m # n), that they
are infinite in number, and, because lim,,_, o, A, = 00, that there can be no clustering
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of eigenvalues about a finite limit point. If, for example, the eigenvalues represent
the frequencies of vibration of a stretched string of finite length L, this means there
is a lowest frequency of vibration, but no upper limit to the frequency of vibration
of the string.

Property 2 says that to each distinct eigenvalue of a regular Sturm-Liouville
problem there corresponds only one eigenfunction, and it is unique apart from
a constant multiplicative factor. Notice that this only applies to regular Sturm-
Liouville problems, because in periodic Sturm-Liouville problems an eigenvalue
has associated with it two linearly independent eigenfunctions. This latter situation
occurred in Example 8.19, where the two eigenfunctions

yD(x) = cos(2nrx/L) and y?(x)=sin(2nwx/L)

n

were seen to correspond to the single eigenvalue A, = 4n’w?/L?. In such cases
there can only be two eigenfunctions to each eigenvalue, because the equation is
second order. The scaling of eigenfunctions by a constant is used repeatedly when
representing arbitrary functions in terms of series of eigenfunctions.

Property 3 is of fundamental importance because of the part played by orthog-
onality when developing arbitrary functions in terms of series of eigenfunctions
defined over some interval. It is the orthogonality of sine and cosine functions
illustrated in Example 8.22 that is used when working with Fourier series.

It will be seen later that the representation (expansion) of arbitrary functions
in terms of series of eigenfunctions is more general than in terms of power series.
This is because, unlike Taylor series whose coefficients are determined by repeated
differentiation of the function being expanded, the coefficients in series of eigen-
functions are determined in terms of integrals involving the function. This means
that the function can have finite discontinuities at points within its interval of rep-
resentation and still have an eigenfunction expansion.

Property 4 removes the necessity to check Sturm-Liouville problems for the
possibility that negative eigenvalues occur. Had this property been known in ad-
vance of Examples 8.18 to 8.21, it would have been unnecessary to have examined
the forms of solution corresponding to A < 0.

Property 5 is useful when seeking qualitative properties of eigenvalues. The
result is not directly useful when trying to determine an eigenvalue because the
associated eigenfunction needs to be known. The main use of the Rayleigh quotient
arises when it is used in the following rather different form.

Let a function ®(x) containing some arbitrary constants «, 3, ... satisfy the
boundary conditions of a Sturm-Liouville problem. Then with any choice of the
arbitrary constants, the Rayleigh quotient

~[p@, @12 + [ p(®),)? dx — [ q®2 dx
fabrcbfl dx

(128)

provides an upper bound for the value of the smallest eigenvalue of the associated
Sturm-Liouville problem. If the arbitrary constants «, 8, . . . are chosen to minimize
this expression, its value becomes the best estimate of the smallest eigenvalue that
can be obtained using that approximation. Furthermore, substituting the values of
the constants that minimize the Rayleigh quotient into the function ®(x) provides a
corresponding approximation to the first eigenfunction. The actual value A; is only
attained when ®(x) = ¢;(x).

Property 6, together with Property 4, ensures that under the given conditions
the eigenvalues are both real and positive. In corresponding physical problems
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this result is usually to be expected on an intuitive basis, so the result provides
the mathematical justification for making such an assumption on purely physical
grounds.

Property 7 provides precise information about the number of zeros of a given
eigenfunction within the interval over which it is defined. It is well illustrated by
considering Figs. 8.1 showing graphs of Legendre polynomials. These show, for
example, that P;(x) has precisely three zeros in the interval —1 < x < 1, whereas
Py(x) has four zeros. It is important to recognize that these zeros lie strictly in-
side the interval, so that zeros that occur at either end of an interval are not
counted.

Property 8 means that if in a Sturm-Liouville problem p(x) is associated with
a characteristic feature of a physical system, then increasing p(x) increases each
eigenvalue of the system. For example, if p(x) is related to the density of a vibrating
string, then increasing the density while keeping all other parameters constant will
decrease the frequency of vibration, and increasing the tension will increase the
frequency.

Property 9 means that reducing the length of the interval @ < x < b on which a
Sturm-Liouville problem is set cannot reduce the values of the eigenvalues. In fact,
it usually increases them. This is most easily understood in terms of a vibrating string
for which the eigenvalues of the associated Sturm-Liouville problem represent its
possible frequencies of vibration (see Chapter 18). In such a case shortening the
string, while leaving other parameters unchanged, will increase the frequency, as
any guitarist or violinist knows from experience.

An orthogonal system of sine functions The Sturm-Liouville problem considered
in Example 8.18, namely
Yy +iy=0 withy(0)=0 and y'(7)=0,

is such that p(x) =1, g(x) =0, and r(x) = 1. Its eigenvalues were shown to be
An = (2n + 1)?/4, and its corresponding eigenfunctions were

2 1
gon(x):sinw, n=0,1,....

Thus, from Theorem 8.3 (3), the functions ¢, (x) are orthogonal over the interval
0 < x < 7 with weight function r(x) = 1, and so

/ﬂ om(X)p,(x)dx =0 for m # n.
0

The square of the norm is given by

2 T 2
”(pn(x)”Z — Sin w = / <sin @) dx — %’
0
50 lea ()l = V2. ¥

Orthogonality of Legendre polynomials When written in Sturm-Liouville form,
Legendre’s equation becomes

[(1—x*)y] +ry=0,

and it is defined over the interval —1 < x < 1, with p(x) =1 — x?, g(x) =0, and
r(x) = 1. The Legendre polynomial P,(x) corresponds to A = n(n+ 1), so from



Section 8.10  Sturm-Liouville Problems, Eigenfunctions, and Orthogonality = 523

Theorem 8.3 (3) we see that the Legendre polynomials are orthogonal with respect
to the weight function r(x) = 1, so that

1
/ Pu.(x)P,(x)dx =0 form # n.
-1
To determine the norm || P,(x)|| we make use of recurrence relation (16),

(n+ 1) Poi(x) — 2n + 1)x Py(x) + nPy_y1(x) = 0.

Replacing n by n — 1 and substituting for one of the factors P,(x) in the integral
gives

i = [ @l enaw -

= <2nn_ 1) /ZxPnl(x)P,,(x)dx - (rln;l) /1 Po(x) Py 2(x)dx

= <2n — 1) /11 X Py_1(x) Py(x)dx,

n

where the second integral has been set equal to zero because of the orthogonality of
P,(x) and P,_»(x). Using the recurrence relation to remove the term x P, (x) gives

|1 = (2””_ 1) / 11 Pn_l(x)Kz’; 111> Pra(x) + (ﬁ) Pn_l(x)} dx

= (i) [ mscoras

where the first integral vanishes because of the orthogonality of P,(x) and P,_;(x).
This has established the recurrence relation for norms

| Pu(x) 1> = ( ) I P (x)1%.

2n—1
2n+1

Using this result to relate || P,(x)||? to || By(x)||> and cancelling factors shows that

TSI (;Z:) (i’;j) @Zj) - (%) (%) I Pox)2

1 2
= <m) I Po(x)117,
but || By(x)|* = fjl 1dx = 2, so that

2 2
||P,,(x)||2: m, and ||Pn(x)|| = m forn:O,l,.... |

Orthogonality of Bessel functions J,(x) When written in Sturm-Liouville form,
Bessel’s equation of order n becomes
)
[xJ (kx)] + <k2x - —> Ju(kx) =0,

X

where p(x) = x, g(x) = —n?/x,r(x) = x,and A = K>
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Summary

The orthogonality of Bessel functions over an interval 0 < x < a takes a some-
what different form from that in the previous examples, because the orthogonality
is between Bessel functions of the same order, but with different arguments, rather
than between Bessel functions of different orders. If for fixed n the solution J,,(kx)
is required to satisfy the boundary condition

J”(ka) = Oa
it follows, as in Example 8.21, that the permissible values of k are
kr:jn,r/a, withr =1,2,...,

where j,, is the rth zero of J,(x), the first few of which are listed in Table 8.1.
Theorem 8.3 (3) then asserts that as the weight function r(x) = x, the orthogo-
nality condition is

/ xJ, <]n’rx> I (],,,sx> dx =0 forr #s.
0 a a

The square of the norm of Jn(j'jT’x) is

. 2 a . 2 2
InrX JnrX a . 2
-In = -]n d :_]n nr .
(a) /OX[ (a)] x = 5 Uni(nr)l

A proof of this last result is given in Appendix 2 at the end of the chapter. ]

Orthogonality of Chebyshev polynomials When written in Sturm-Liouville form,
the Chebyshev equation for the polynomial 7,(x) of degree n becomes

[(1 _ x2)1/2y/]/ + n2(1 _ x2)71/2y = 0.
As the weight function is (1 — x?)~/2, the orthogonality relation becomes

1
dezo for m # n.

-1 A1 —x2
The square of the norm of 7,(x) is given by
HLM)P
T.(x)|? = 0 dx
17 () e

where || To(x)||> = 7 and || T,(x)||> = n/2 forn = 1,2, .... As it is inappropriate to
include the proof of this result here, an outline proof is given in Exercise 31 at the
end of the section.

Accounts of Sturm-Liouville systems are to be found in references [3.3] and
[3.4] and in Chapter 5 of reference [3.7]. [ |

The important idea of Sturm-Liouville systems was introduced, their relationship to eigen-
values and eigenfunctions was explained, and it was shown that the solutions of such sys-
tems comprise a system of functions that are orthogonal with respect to a suitable weight
function. The examples of Sturm-Liouville systems that were given included trigonometric,
Legendre, Chebyshev, and Bessel functions. Infinite sets of functions like these represent
generalizations to an infinite dimensional space of the elementary notion of the orthogo-
nality of vectors in the three-dimensional Euclidean space. The significance of the orthog-
onality of eigenfunctions will become clear later when arbitrary functions are expanded in
terms of eigenfunctions.
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EXERCISES 8.10

In Exercises 1 through 4, reduce the differential equation to
Sturm-Liouville form by the method used when reducing
equation (121) to the form in (122).

1.
2.
3.
4.

xy"+ (1 —=x)y +1y=0.

y' =2xy + i1y =0.

(1 —=x%)y"—xy +1ry=0.

(1 —x)?%y" —2x(1 = x)y + [M(1 — x?) — n?]y = 0.

In Equations 5 through 14 find the eigenvalues and eigen-
functions of the differential equation.

5.y"+xy=0, y0)=0, y(L)=0.
6. y'+21y=0, y(0)=0, y(L)=0.
7. y'+ry=0, y(0)=0, y()=0.
8 Yy +ay=0, y0)=0, yQ2r)=0.
9. y"+ 1y =0,y(0) =0,y (1) —2y(1) = 0. Find numer-
ical estimates for the first two eigenvalues.
10. y" + Ay =0, y(0) =0, y'(1) + y(1) = 0. Find numeri-
cal estimates for the first two eigenvalues.
1L y'+ay =0, y(=1)=y1), y(1)=y(®).
12. y'+ay =0, y(0)=y(1), y(©O)=y().
13. X2y +xy +Ky=0, y(1)=0, y4)=0.

14.

(Hint: This is a Cauchy—Euler equation)
Xy +xy +9%y =0, y(1)=0, y(2)=0.
(Hint: This is a Cauchy-Euler equation)

In Exercises 15 through 18, verify that the sets of functions
are orthogonal over their stated intervals with the weight
function r(x) = 1, and find their norms.

15.

16.

17.

18.
19.*

on(x) = sin(%), n=12.. (0<x<L).

2n —1
on(x) = cos(%), n=12,.. 0<x<1).
nwx
on(x) = COS(T>, n=12,.. 0<x<1L)
2n —1
on(x) = sin(%), n=1,2,..(0<x <2m).
It is known from Example 8.18 that the Sturm-

Liouville problem
y'+xy=0 with y(0) =0,y (x) =0

has for its first eigenvalue A; = 1/4, and that the corre-
sponding eigenfunction is ¢;(x) = sinx/2. Verify that
the function ®(x) = x(27 — x) satisfies the bound-
ary conditions for y. By using this expression in the
form of the Rayleigh quotient given in (128), find
the corresponding upper bound for A; and compare
it with the exact value. Why is it that replacing ®(x) by

20.*

21.%

22.%

23.

®(x) = Cx(2m — x), where C is any nonzero constant,
leaves the estimate of the upper bound unchanged?
Perform the calculation required in Exercise 19 using
the function ®(x) = x?(1 — %), after first showing that
d(x) satisfies the boundary conditions. Compare the
value of the upper bound so obtained with the exact
value 1; = 1/4. Suggest a reason why this approxima-
tion is not likely to yield a better lower bound than the
one obtained using the function ®(x) in Exercise 19.
The Sturm-Liouville form of Bessel’s equation of
order 1 is

o]+ (= 1)y =0,

where p(x) = x, q(x) = —1/x,r(x) = x, and A = K.
The bounded solution of this equation on the interval
0 < x <1 subject to the condition y(1) =0is y(x) =
J1(j11x), where from Table 8.1 j; ; = 3.8317 is the first
zero of J;(x). The inverted parabola ®(x) = x(1 — x)
provides a reasonable approximation to the shape of
the required Bessel function for 0 < x < 1. Use this
expression in (128) to obtain an upper bound for the
first eigenvalue A; of the equation, and using the fact
that 4, = j, find an upper bound for j, ;. Compare
this estimate with the correct result.

The Sturm-Liouville form of Bessel’s equation of
order 2 is

o]+ (- )y =

where p(x) = x, q(x) = —4/x, r(x) = x, and A = k.
The solution of this equation that is bounded on the in-
terval 0 < x < 1 and subject to the condition y(1) =0
is y(x) = J2(j2.1x), where from Table 8.1 j,; = 5.1316
is the first zero of J>(x). Use the approximation ®(x) =
x(1 — x) to obtain an upper bound for the first eigen-
value of the equation, and using the fact that 4, = jf 1
find an upper bound for j,;. Compare this estimate
with the correct value.

The differential equation
Lyl = P(x)y" + Q(x)y' + R(x)y =0

has associated with it the adjoint differential equation
defined by

Mw] = [P(x)w]" — [Q(x)w] + R(x)w = 0.

A differential equation is said to be self-adjoint if the
differential equation and its adjoint are of the same
form. When this occurs, the differential operator com-
mon to both equations is also said to be self-adjoint.
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24.

25.

26.

27.

28.%

(a) Show that Bessel’s equation of order v

2.1

2y 4+ xy +(x* =)y =0

is not self-adjoint.

(b) Find the value of @ that makes the following equa-
tion self-adjoint

(asinx)y” + (cosx)y +2y =0.
Show that Legendre’s equation
(1 =x})y" =2xy' —ay=0
is self-adjoint.
Show that Bessel’s equation of order » in the form
x2y// +xy/ _ (x2 _ nZ)y =0
is not self-adjoint, but that it becomes so when multi-
plied by 1/x.
Show that the Hermite equation in the form
Y'=2xy'+1y=0
is not self-adjoint, but that it becomes so when multi-
plied by exp[—x?].
Show that the Chebyshev equation in the form
(1—x*)y —xy +iy=0

is not self-adjoint, but that it becomes self-adjoint
when multiplied by (1 — x?)~1/2.
Let u(x) and v(x) be any two solutions of

I P+ gy =0

defined over the interval a < x < b. Prove Abel’s
identity

p()[u(x)v'(x) — u/(x)v(x)] = constant

Series Solutions of Differential Equations, Special Functions, and Sturm-Liouville Equations

for all x in the interval. As p(x) # 0 in regular Sturm-
Liouville problems, what conclusion can be drawn
from Abel’s identity if (a) the constant is not zero and
(b) the constant is zero?

(Hint: Multiply the equations for u# and v by suit-
able factors, subtract them, and integrate the resulting
equation over the intervala <t < x.)

29.% The Chebyshev polynomial 7,(x) can be defined as

30.*

*

T,(x) = cos(narccosx), n=0,1,....

Verify this by showing that this definition of 7,(x) sat-
isfies the Chebyshev differential equation

(1—x?)y" —xy +n’y=0.

Let y = T,(x) = cos(narccosx) and set x = cosé.
Use the fact that y(0) satisfies the differential equa-
tion
&y
W +n y = 0
together with a change of variable back from 6 to x to
show that this definition of 7,(x) satisfies the Cheby-

shev equation
(1—=x?)y" —xy +n’y=0.
Show that if y,(0) = cosnf then
T 2., T n=0
[@ra {7 "1

27t

By changing back from the variable 6 to x, where x =
cos 6 and using the definition of 7,(x) in Problem 30,
show that the square of the norm of 7,(x) is given by

1 2 _
||Tn(x)||2=/71 %dm {’%’ﬂ Z;f :

& Eigenfunction Expansions and Completeness

The orthogonality of a set of functions ¢y(x), ¢;1(x), ... over the intervala < x < b
with respect to a weight function r(x) allows them to be used to expand (represent)
a function f(x) over that same interval in terms of the functions ¢; (x) by expressing
it as the series

F) = anm(®) = dogox) + argn() + ..., (129)

m=0

where ay, ai, . . . are constants called the coefficients of the expansion.

The representation of functions in this manner is used in approximation theory,
in numerical analysis, and in the solution of partial differential equations by the
method of separation of variables to be described later (see Chapter 18). A series
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such as (129) is called a generalized Fourier series representation of f(x) or, when
the functions ¢,(x) are eigenfunctions, an eigenfunction expansion of f(x).

To see how the coefficients a,, in (129) are derived for a specific function f(x),
it is necessary to recall that

f  Hom(D)en()dx =0, m £, (130)
and
b
lon@)I? = / r(0)lon() P dx. (131)

If the expansion (129) is multiplied by r(x)g,(x) and the result is integrated
over the interval a < x < b, the orthogonality condition (130) causes every term
on the right for which m # n to vanish, leaving only the term involving a,,, so using
(131) enables the result to be written

b b
[ F(@)gu() F(@)dx = a, / F(O)n(0)Pdx = aulgn()I2.

This has established that the coefficients a, are given by the formula

L r(0)ea(x) f(0)dx

o = , n=0,1,.... 132
eI (132)

The term-by-term integration of series (129) leading to (132) requires justifica-
tion, and this follows when the series is uniformly convergent.

Summary of Main Sets of Orthogonal Functions
1. Fourier series (see Chapter 9)

Interval of definition —-T<x<m
Set of functions {1,cosnx,sinnx},n=1,2,...
Weight r(x)y=1
T
Orthogonality / sinmxsinnxdx =0,m+#n
-7

s
/ sin mx cosnx dx = 0,
-

T
/ cosmxcosnxdx =0,m#n

/ 1-sinmxdx =0
-

T
/ 1-cosmxdx =0

-7

Norms I111? =27, | cosnx||> =, || sinnx||> = 7
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EXAMPLE 8.27

a first example of a
Fourier series

2. Legendre polynomials

Interval of definition
Set of functions
Recurrence relation
Weight

Orthogonality

Norm

-1<x<1

Py(x) =1, Pi(x) =x, P(x) = %(3){2 —-1),...
(n+1)P1(x) — 2Cn+1DxPy(x) + nP_1(x) =0
r(x)=1

1
f Pu(x)Py(x)dx =0,m#n
-1

I Pa()I* = n=0,1,....

2
2n+1

3. Bessel functions

Interval of definition

Set of functions

Weight

Orthogonality

Norm

0<x<a

There is a set of orthogonal functions for each fixed n:
Ju(jnrxja),r =1,2, ..., with j,, the nth zero of J,(x)

(see Table 8.1)

r(x)=x
/u XJu(jnrx/a)]n(jnsx/a)dx =0,r # s
0

1nCinrx/@)|? = 362 [Tp1 Gur)Por = 1,2, ..

4. Chebyshev polynomials

Interval of definition
Set of functions
Recurrence relation
Weight

Orthogonality

Norms

-1<x=<1
To(x) =1, Ti(x) =x, B(x) =2x2—1,...
Tyy1(x) = 2xT5(x) + Th-1(x) = 0

(1—x2)_1/2
! Tm(x)j;z(x)
) dx =

/;1 N x=0,m#n

1T =7 I T()I? = 37 n=12,....

(See Exercises 30 and 31 in Exercise Set 18.10 for the derivation of the norms.)

A Fourier series

functions

Example 8.22 established the orthogonality of the set of

1, cos x, sinx, cos 2x, sin2x, . ..

over the interval —m < x < 7 with weight r(x) = 1. It is left as a simple exer-
cise to verify that these functions are the eigenfunctions of the Sturm-Liouville

problem

V'4+iry=0, y(-m)=y(r)=0.

The Fourier series for a function f(x) is

f(x)=ao+ Z(an cos nx + b, sinnx),

n=1
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fx)

1

- -7/2 0 /2 n X
FIGURE 8.13 The rectangular pulse.

where from (132), the Fourier coefficients are

g

1 (7 1
ap = —[ f(x)dx, a,=— f(x)cosnx dx
27 J_, b4

1 g

b, = — f(x)sinnxdx, n=1,2,....
T J-n

The formulas for the a,, and b,, are called the Euler formulas for the Fourier coeffi-
cients.

In anticipation of Chapter 9, let us use these results to find the Fourier series
of the (discontinuous) rectangular pulse function

0, —m<x<-n/2
fx)y=31, —a2<x<mn/2
0, n/2<x<m

shown in Fig. 8.13.
The discontinuities in f(x) cause no problem when deriving the coefficients a,
and b, because integrals of finite discontinuous functions are well defined:

1 (" 12 1
=— dx=—— ldx=
0 2w '/;nf(X) * 27 \/;71/2 * 2

1 /™ 1 [7/? 2 /1 0 if n is even
a, = — f(x)cosnxdx:—/ cosnx dx = — sin (—nn): e
) T J_rp nmw 2 +-= ifnis odd.

A similar calculation shows that
1 7-[/2 _1 7{/2
bnz—/ sinnxdx:[—cosnx:| =0, n=12,....
7 J xp nm —xp2

Substituting for the coefficients in the Fourier series gives

12 E 1 €08(2n — 1)x
f(x)_2+n;(_1) -1

and so

\S]

cos 3x n cos Sx
3 5

B

flx)= % + — <cosx —
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EXAMPLE 8.28

a Fourier-Legendre

expansion

Series Solutions of Differential Equations, Special Functions, and Sturm-Liouville Equations

Notice that although f(x)is discontinuous atx = =+ /2, the Fourier series is defined

at these points and has the value 1/2.

This example illustrates the fact that a Fourier series expansion (and indeed
any eigenfunction expansion) of f(x)is defined for all x in its interval of definition,
including points where f(x) is discontinuous, or not even defined. Because of this
it is necessary to question the use of the equality sign in (129) and to reinterpret its
meaning at points of discontinuity of f(x). More will be said about this in Chapter

9 in connection with Fourier series.

Some comments will be offered later about the convergence of eigenfunction
expansions in general, and their behavior at points of discontinuity of f(x) when

the completeness of sets of orthogonal functions is discussed.

Legendre expansion, and it takes the form
flx) = Zanpn(x) =ao+aP(x)+---.
n=0
From (135) the coefficients a, are determined by

L @) f(x)dx [zn +1
" lpn(x)12 12

:| /_11 f(x)P,(x)dx, n=0,1,....

As any polynomial of degree m can be expressed as a linear combination of

Po(x), Pi(x), ..., Pu(x), it follows from the orthogonality condition that

1
/ x"P,(x)dx =0 forn > m.
-1

The Fourier-Legendre expansion of the discontinuous function

0, -1<x<0
1, O0<x<1

o=

is determined as follows. From (133),

o, = (2”2“> /_11 F() Pa(x)dx = (2”2“> /01 Pu(x)dx.

If we substitute for P,(x), it then follows that the first few coefficients in the expan-

SiOl‘l are
a a {11 O a}
0= ,ap = s =V, = S eeey

so the required expansion is

fx) = %Po(x) + %Pl(x) — 17_6p3(x) 4o

Here also this Fourier-Legendre expansion attributes a value to f(x) at its point of
discontinuity at x = 0, and a closer examination shows that the value determined

by the expansion is 1/2.

A Fourier-Legendre expansion The expansion of a function f(x) in terms of
Legendre polynomials P,(x) over the interval —1 < x <1 is called a Fourier—
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a Fourier-Bessel
expansion

EXAMPLE 8.30

a Fourier-Chebyshev
expansion

completeness and
convergence
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Fourier-Bessel expansions A function f(x) can be expanded over the interval
0 < x < ainterms of the Bessel function J,;, with z fixed, to obtain a Fourier-Bessel
expansion of the form

F) =" arTu(jnrx/a) = aJy(ju1x/a) + arJu(juox/a) + -, (135)

r=I1

where

a, = (3) foa ‘In(jn,rx/a)f(x)dx (136)

a? [Jn+1(jn,r)]2

An expansion of this type will be used in Chapter 18 when solving the oscillations
of a circular membrane, such as the membrane covering a circular drum head. ™

Fourier-Chebyshev expansions The Fourier—-Chebyshev expansion of a function
f(x) over the interval —1 < x <1 takes the form

1) = Y anTx) = a0 () + ar i) + - (137)
n=0
where
F)Ty(x)
I e
_ V1 —x?
N A EE (138)
with

1
IHEI* =7 and TG =37, n=12,....

Any polynomial of degree m can be expressed as a linear combination of 7(x),

Ti(x), ..., Ty(x), so it follows from the orthogonality conditions that
1 m
/ mdxzo forn > m. ]
-1v1—x

It is now necessary to comment on the interpretation of the equality sign in
(129) at points where f(x) is discontinuous. For expansions in terms of orthogonal
functions to be useful, they must be able to represent the class of functions that occur
in practical applications. This means that an orthogonal set of functions defined over
an interval a < x < b must always be able to be used to expand functions that are
piecewise continuous and differentiable at all but a finite number of points in the
interval. For conciseness we will denote this set of functions by PC. In addition, the
set of orthogonal functions must be sufficiently rich in functions that there is no
function of practical importance that cannot be expanded in this manner.

Orthogonal (and orthonormal) sets of functions that have this property are
said to be complete, and the ones introduced so far can all be shown to have this
property of completeness. As sets of orthogonal functions are required to expand
both continuous and piecewise continuous functions that belong to class PC, the
convergence of these expansions must of necessity be more general in nature than
ordinary convergence. It is this more general form of convergence, which will be
introduced shortly, that will permit the equality sign in (129) to be interpreted in a
special sense at points where f(x) is discontinuous.
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THEOREM 8.4

a fundamental
eigenfunction

expansion
theorem
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The special type of convergence we now introduce is called convergence in the
norm, mean-square convergence, or L> convergence. This form of convergence is
defined by requiring that if a sequence of functions fi(x), f2(x), ... converges in the

mean to a function f(x), then
Tim || £,(0) = £l =0,

or, more explicitly,

b
lim [ )~ F@F dx =0

When interpreting (139) as (140) it is convenient to omit the square root in the
definition of the norm, as this simplifies analysis and does not influence the limit.
The sequence of functions f,(x) in this definition can be taken to be the nth

partial sum of the eigenfunction expansion (129),

) = 3 o) = aogo() + argn (1) + -
m=0

where from now on we will assume ¢(x), ¢1(x), ... to be an orthonormal set of
functions so that |¢,(x)|> =1,n=0, 1, .... Such an orthonormal set of functions
will be complete with respect to the functions f(x) in C if every function in PC can
be approximated by (141). Convergence in the norm and ordinary convergence are

the same everywhere a function is continuous and differentiable.

We now state without proof the fundamental eigenfunction expansion theorem.

is discontinuous.

This convergence property has already been demonstrated in Example 8.27,
where the Fourier series converged to the value 1/2 at the points where the function

was discontinuous. Figure 8.14 shows the result in the general case.

y
fle) -~ |
12[f(c=) + fleH)] p—————————— 4‘ }
N / |
! \
! \
| | |
| | |
S
0l . ; -

FIGURE 8.14 Convergence of an eigenfunction expansion
at a point of discontinuity.

Eigenfunction expansion theorem Let f(x) and f’(x) have at most a finite num-
ber of jump discontinuities in the interval a < x < b. Then the eigenfunction ex-
pansion (129) converges in the mean to f(x) at every point of continuity of f(x)
inside this interval, and to the value %[ f(c—) + f(c+)] at any point ¢ where f(x)
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Parseval relation

THEOREM 8.5
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To develop the concept of completeness a little further, we substitute (129) into
(140) to obtain

b b b
/ @00 — F@)fdx = / P £,(0)Pex — 2 / F@) £(x) fu(@)dx

" 2
+/abr(x)[f(x)]2dx: /abr(x)[gasws(x)} dx

n b b
23 a [ e @ds+ [P
5s=0 a a

The orthogonality property of the set of eigenfunctions ¢ (x) reduces the first inte-
gral on the right to Y_"_, a2, while the definition of a; shows that the second term

on the right can be written —2 ""_ a2, so the result becomes

a

b n b
/ r([fu(x) = f()Pdx = =) a? +/ r(0)[f(x))dx.
s=0 a

The integrands of both integrals are nonnegative, and the integral on the right
is || f(x)]?, so we have established the inequality

Za < f r()[f(x)Pdx = | f(x)|> foralln > 0. (142)

This result is called Bessel’s inequality, and it shows that the sum Y "_, a? has the
upper bound || £(x)||> as n — oco. As the terms of the series are nonnegative, the
series increases as 7 increases, so it follows that Y_"_, a? converges as n — oo.

If the system of orthonormal functions ¢s(x) is complete, result (139) must be
true for every function f(x) in the class PC,so that thenlim, . Y +_,a? = || f(x)]*.
Consequently, for complete orthonormal systems of functions

00 b
S @ = | )P = / F (@)L f(0)Pdx. (143)

s=0 a

This result is called the Parseval relation.

Completeness of orthonormal systems Let ¢y(x), ¢1(x),... be a complete or-
thonormal set of functions with respect to the set C to which the functions f(x)
belong. Then the only continuous function in C that is orthogonal to every function
@n(x) is the zero function f(x) = 0. Furthermore, if the restriction of continuity
is removed, the only functions that can be orthogonal to every function in the
orthonormal set are those with zero norm.

Proof In the first case the vanishing of the norm of f(x) implies that f(x) = 0. In
the second case, the orthogonality of a function with respect to every eigenfunction
implies that the function must be degenerate, and although not identically zero,
must have a zero norm. [ |

See Chapters 2 and 5 of reference [3.7] for information about eigenfunction
expansions and orthonormal sets of functions.
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orthogonal functions has been explained and related to the Parseval relation.

Appendix 1 (Proofs of Theorem 8.3)

The study of Sturm-Liouville problems is made more concise by the introduction

of the notion of a differential operator L defined as

d

L=— [p(X)%] +q(x),

with the understanding that if y is a suitably differentiable function,

1= 5 [ 7] 960 + gt

Differential operators, of which L is a special case, have the property that when
they operate on a function y they produce another function Z[y]. For example, if

d d
L= —|x— 2
dx |:xdxj| e

and y(x) = e~¥, then

dle ]
dx

d d
Lle™*] = T [x } +2e7r = E[—xe”‘] +2eF =(1+x)e".

In terms of the differential operator L in (144), the Sturm-Liouville equation

(122) with eigenvalue A and corresponding eigenfunction ¢ becomes
Llg] +2re =0,

where ¢ satisfies suitable boundary conditions.

The proof of the results of Theorem 8.3 that can be given here is simplified by

appeal to the following theorem, which is important in its own right.

One-dimensional form of Green’s theorem Let L be the linear operator

L

% [p(X)%] +q(x),

and, let u,v be any two twice differentiable functions defined on the interval

a < x < b. Then,

@)
b b b
/ ul[v]dx = [p(x)u(x)v/(x)]la’—/ pu'v' dx—l—/ quvdx

and

Eigenfunction expansions have been introduced, and the most important sets of orthog-
onal functions summarized together with their intervals of definition, weight functions,
and orthogonality relationships. Mean-square convergence has been defined and the fun-
damental eigenfunction theorem stated, and the notion of completeness of systems of
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(i)
b
/ (uL{v] — vLuldx = [p(o)ux)v'(x) — v ().

called the Lagrange identity. Furthermore, if # and v satisfy the boundary
conditions

A1¢(a) aF Az(f),(a) =0 and Bl¢(b) P Bz(ﬁ,(b) =0,

where ¢ may be either u or v, then

(iii)
b
/ {ul[v] — vLu]}dx = 0.

Proof Result (i) is the one-dimensional form of Green’s first theorem, and result
(ii) is the one-dimensional form of Green’s second theorem. The three-dimensional
forms of these theorems are derived in Chapter 12, Section 12.2. Result (iii) is the
consequence of Green’s second theorem when u and v satisfy the stated boundary
conditions at the ends of the interval a < x < b.

The proof proceeds as follows. Differentiation of the product u(pv’) gives

[u(p)] = u(pv') +u'(pv'),
SO

u(pv') = [pw'] — pu'v'.
Recalling the definition of L, we can write
ul[v] = [pw'] — pu'v' + quv,

so integrating over the interval a < x < b gives

fbuL[v]dx = [p(x)u(x)v'(x)] - /b pu'v'dx + /b quvdx,

which is result (i).
Result (ii) follows if we interchange u and v in (i) and subtract the result from
(i) to obtain

b
/ (L[] — v Lulldx = [p(o)u(x)v'(x) — v (o' ().

Result (iii) follows from (ii) if we notice that, provided A, # 0, it follows from the
boundary conditions at x = a that
w(a)=—(A/A)u(a) and Vv'(a) = —(A1/A)v(a),
SO
[PV —vi)]ima = —(A1/ A2) p(a)u(a)v(a) + (A/ Az) p(a)u(a)v(a) =0,

and a similar argument shows that, provided B, # 0,

[p(LtV/ - Vu,)]x:b =0.
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Thus, [p(uv’ — vi')]% = 0, reducing result (ii) to

b
/ {ul[v] —vL[ul}dx =0,

which is result (iii).
Result (iii) is obviously true if the boundary conditions simplify to

¢(a)=0and ¢p(b) =0 orto¢’(a)=0 and ¢'(b)=0,

and the modification to the proof needed to show that the result remains true if A,
and/or B, is zero is left as an exercise. [ |

JosePH Louis LAGRANGE (1736-1813)

Lagrange was born in Turin of French extraction and after working in Berlin for twenty years
moved to Paris. His many fundamental contributions to mathematics have led to his being
regarded as one of the most outstanding mathematicians of his time. He made contributions to
algebra, calculus, differential equations, the calculus of variations, and also to mechanics.

We now prove the results in Theorem 8.3 that are straightforward, and refer
to the references at the end of the chapter for details of the way in which the more
complicated results can be established.

Property 1. The proof of this property is difficult and so will be omitted,
but Examples 8.18 to 8.21 illustrate the existence of an ordered sequence of
eigenvalues in specific cases.

Property 2. In a regular Sturm-Liouville problem suppose, if possible, that
¢ and ¢ are eigenfunctions corresponding to the single eigenvalue 1. Then
each of these functions satisfies the Sturm-Liouville equation, while ¢ and
both satisfy the boundary conditions at x = a so that

Arp(a) + Arp'(a) = 0 and Ay (a) + Axy'(a) = 0.

This pair of equations can be considered to determine A; and A; in terms
of ¢ and ¥ at x = a. The equations are homogeneous, so there can only be
a nontrivial solution for A; and A, if the determinant of coefficients W =
p(a)y'(a) — ¢'(a)¥(a) vanishes, but this determinant is the Wronskian of
the solutions and can only vanish if ¢ is proportional to ¥, so the result is
established.

Property3. Letg,, and g, be eigenfunctions corresponding to the two distinct
eigenvalues A, and A, of the Sturm-Liouville problem

Liy]+ary=0

defined ona < x < b and satisfying homogeneous boundary conditions of the
type given in (127). Then it follows that

L[@m] + At om = 0 and L@, ] + Anre, = 0.

Multiplying the first equation by ¢, and the second by ¢,,, subtracting the
results, and integrating over the interval a < x < b gives

b b
/ {me[‘pn] - (an[(pm]}dx + ()‘n - )\m)/ T Qmen dx = 0.
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The first integral vanishes because of the result of Theorem 8.4 (iii), so

b
Ay — Am)/ r@Om@ndx = 0.

The result now follows because A,, # A,;.

Property 4. The proof is by contradiction. Suppose, if possible, that A =
o +if is a complex eigenvalue associated with the complex eigenfunction
® = ¢ +iy. Then as ® and A satisfy the Sturm-Liouville equation, we have

[p(e +iv¥)] + g+ (@ +ip)rl(e +iv) =0.

This can be written

[pe'] +qo +apr — Byr +i{[py'] +q¥ + Ber +ayr} =0.

For this to be true, both real and imaginary parts of the equation must
vanish, so

[p¢'] +qp +agr —pyr =0 and [py'] +q¥ + Ber + ayr =0.

Multiplying the second equation by i, subtracting it from the first equation,
and collecting terms gives

[Pl —iv)] + g+ (@ —ip)rl(e —iv) =0,

showing that @ = ¢ — i is an eigenfunction and A = o — if is an eigenvalue.
As @ and @ are linearly independent eigenfunctions, it follows from Theorem
8.3 (3) that

b b
/ rdddx = / r(* + y)dx =0,

a

but this is impossible because by hypothesis 7(x) > 0 and ¢? + > > 0. Con-
sequently the assumption that an eigenvalue can be complex is false.

Property 5. Let A, be an eigenvalue and ¢, be the corresponding eigenfunc-
tion of the Sturm-Liouville equation

L{on] + 2ure, = 0.

Multiplication of this equation by ¢, followed by integration over the interval
a <x < b, gives

b b
/ @n L{@n]dx + )»n/ re2dx = 0.
a a
An application of Theorem 8.4 (i) with u = v = ¢,, then gives the result

[pengslt + [, ploy)Pdx — [ retdx

J, rordx
Property 6. This follows directly from Property 5 when ¢(x) < 0 and the
condition [pg,¢,]> < 0 is satisfied.

Property 7. 'We offer no proof of this result, though as already remarked it
is well illustrated by graphs of the Legendre polynomials shown in Fig. 8.1.

Ay = —

Property 8. This follows directly from Property 5 when the stated condi-
tions are imposed, because increasing p(x) will increase the numerator while
leaving all other terms unchanged.
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Property 9. No proof of this result is offered because it follows from the
form of argument used to establish the upper bound property of the Rayleigh
quotient given in (128).

Appendix 2 (Norm of J,(x))

The square of the norm of the Bessel function J,,(j, ,x/a) is the definite integral

. e 1 .
1 nCinrx/@)1> = /0 *IuCnr ¥/ @)Pdx = 5@ i Gnr )T
and so the norm is

1

ﬁa[Jn+1(jn,r)]~ (147)

||Jn(jn,rx/a)” =

This result is most easily derived by considering the case a = 1, and then changing
variables to obtain the foregoing more general result. Accordingly, we consider the
two Bessel equations in Sturm-Liouville form,

[xu') + (ji,x —n*/x)u=0 and [xv] + (Kx—n’*/x)v =0,

defined on the interval 0 < x < 1 with bounded solutions that satisfy the boundary
conditions u(1) = v(1) = 0. These equations have the respective solutions u(x) =
Jn(jn,rx) and V(x) = Jn(kx)

Multiplying the first equation by u, the second by v, subtracting the second
equation from the first, and integrating over the interval 0 < x < 1 gives, after using
Theorem 8.6 (ii) and the result v/(x) = j,.,J' (jn.rXx),

1 . ryos
. Jnr In(K) T3 Cn.r)
/(; x]n(]n,,x)]n(kx)dx = ](2_—]n2r

‘We now write this result as
1 . .
. In,r Jn(k) - Jn(]m")) I(:
Jn n.r J,, kx)dx = N . Jn n,r)s
/0 *ulne¥)nllex)d <k+]n.,r)< k— jur ()

where the subtraction of J,(j, ) in the bracketed term in the numerator leaves the
result unchanged because J,(j,,) = 0.
Taking the limit as kK — j, ,, reduces this result to

1
1
/ <UnGinPdx = UG P 7 =12,
0

It is inconvenient to work with J (j,,), so we relate J, to J,11 by using recurrence
relation (65)":
xJ,(x) = nJy(x) — xJp1(x).

Setting x = j, , causes this to simplify to J,,(j,,) = —Ju41(jnr), and so

1
/ x[J,,(j,,y,x)]zdx = %[-’n-&-l(].n,r)]z'
0

The more general result follows by making the change of variable x = z/a and then
replacing z by x.
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EXERCISES 8.11

In Exercises 1 through 3 expand the given polynomials in
terms of Legendre polynomials.

1. 4x3 —2x2 + 1.

2. 3x3 + x% — 4x.

3. x* +3x% + 2x.

4. Represent x2, x°, and x* in terms of Legendre polyno-
mials.

In Exercises 5 through 8 find the first four terms of the
Fourier-Legendre expansions of the given functions. In
each case graph the four term approximation to f(x) and
compare it with the graph of f(x).

1, -1<x<0
5. flx)= X, 0<x<l1.
14+x, —-1<x<0
6. f(x)= 1—x, 0<x<l1.
0, —1<x<-1/2
7. f(x)=141, -1/2<x<1/2
1/2, 172 <x < 1.
-2x, —-1<x<0
8. f(x)= X, 0<x<l1.

9. Find the first four terms in the Fourier-Legendre ex-
pansion of e*.
10. Find the first four terms in the Fourier-Legendre ex-
pansion of e™.

In Exercises 11 through 13 expand the given polynomials in
terms of Chebyshev polynomials.

11. 3x* —4x% — x.

12. 4x% +x2 - 3x + 1.

13, 2x* — X3 +x +3.

14. Represent x2, x3, and x* in terms of Chebyshev poly-
nomials.

In Exercises 15 and 16 find the first four terms in the Fourier—
Chebyshev expansion of the given function. In each case
graph the four term approximation to f(x) and compare it
with the graph of f(x).

24x, —-1<x<0
15. f(x)={3 0<x<l1.

—1, -1<x<0
16. f(x):{Zx—l, 0<x<1.
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CHAPTER 8
TECHNOLOGY PROJECTS

Project 1

Project 3

The Asymptotic Formulas for J,(x) and Y,(x)

The purpose of this project is to compare plots of the Bessel
functions J,(x) and Y, (x) with the results obtained from the
asymptotic formulas

]2 . 1 1
Ju(x) P sin |x — Enn + Z]r and
2 1
Y. (x) ~/ —sin (x — ZJT(ZM + 1))
TX

Make combined plots of J,(x) and its asymptotic
form, and Y,,(x) and its asymptotic form for 0 < x <30
for different values of n to illustrate the speed with
which the asymptotic approximation tends to the
function itself.

Project 2

Chebyshev Approximation

The purpose of this project is to make Chebyshev polyno-
mial approximations of different orders to an asymmetric
function f(x) to illustrate the rapidity with which they con-
verge to f(x).

1. Let f(x) =sin(5x)(1 +x*)* for -1 =x =1.
Approximate f(x) in terms of the Chebyshev
polynomials 7,(x) by the function fy(x):

N
) =) anTo(x).
n=0

Find the coefficients a,, numerically and make
simultaneous plots of f(x) and fy(x) for N =
3,5, and 7 to show the convergence of fy(x) to
f(x) as N increases.

2. Repeat the calculations with a discontinuous
function of your own choice and comment on
the behavior of the approximation at the point
of discontinuity in the cases when N = 5, 10, 15,
20, 25, and 30. Compare your observations with
the remarks about the occurrence of the Gibbs
phenomenon in Fourier series in Chapter 9.

540

Legendre Approximation

The purpose of this project is to make Legendre polynomial
approximations of different orders to the function f(x) in
Project 2 to illustrate the rapidity with which they converge

to f(x).

1. Let f(x)=sin(5x)(1 +x?)/* for -1 =x =1.
Approximate f(x) in terms of the Legendre
polynomials P,(x) by the function fy(x):

N
() =Y anPa(x).
n=0

Find the coefficients a,, numerically and make
simultaneous plots of f(x) and fy(x) for N =
3,5, and 7 to show the convergence of fy(x) to
f(x) as N increases.

2. Repeat the calculations with a discontinuous
function of your own choice and comment on
the behavior of the approximation at the point
of discontinuity for the cases N =5, 10, 15, 20,
25, and 30. Compare your observations with the
remarks about the occurrence of the oscillatory
behavior of approximations near a finite jump
discontinuity described in Chapter 9 on Fourier
series, where the effect is called the Gibbs
phenomenon.

Project 4

Bessel Function Approximation

The purpose of this project is to make Bessel function ap-
proximations of different orders to a function f(x) over a
given interval to illustrate the rapidity with which they con-
verge to f(x).

1. Approximate f(x) = (1 + x3)sinx over the in-
terval 0 = x = 7 in terms of the Bessel function
Ji(x) by the function fy(x)

N
fN(x) = Zarjl(jl,rx/n)’

r=1



where j;, is the rth zero of Ji(x) listed in
Table 8.1. Find the coefficients a, numerically
and make simultaneous plots of f(x)and fy(x)
for N =3, 5, and 7 to show the convergence of
fn(x) to f(x) as N increases.

2. Repeat the calculation with a continuous func-
tion f(x) of your own choice. When making the
series expansion in terms of the Bessel function
Ju(x), use the value n = 0if f(0) #0andn =1
if £(0)=0.

541
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PART FOUR

FOURIER SERIES,
INTEGRALS, AND

THE FOURIER
TRANSFORM

Chapter 9 Fourier Series

Chapter 1 0 Fourier Integrals and the
Fourier Transform
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CHAPTER

Fourier Series

hen analyzing situations as diverse as electrical oscillations, vibrating mechanical

systems, longitudinal oscillations in crystals, and many other physical phenom-
ena, Fourier series are found to arise naturally. Furthermore, the individual terms in a
Fourier series often have an important physical interpretation. In a vibrating mechani-
cal system, for example, each component of a Fourier series representation of the over-
all vibration represents a fundamental mode of vibration. The full Fourier series shows
how each mode contributes to the solution, and which are the most significant modes.
This information can often be used to advantage, either by showing how the modes
can be utilized to achieve a desired effect, or by using the information to enable sys-
tems to be constructed that minimize undesirable vibrations. It is for these and other
reasons that it is necessary for engineers and physicists to study the properties of Fourier
series.

9.1 Introduction to Fourier Series

even and odd function

Fourier series representation of a function f(x) over theinterval -7 < x <7
is an expression of the form

f(x) =ao+ Z(an cos nx + b, sinnx)

n=1
=aqay+a;cosx + bysinx +apcos2x + bysin2x + - - -, (1)
where the coefficients ag, a1, ..., by, by, . .. are determined by the function f(x).

It is important to notice that the Fourier series representation of f(x) contains
two infinite sums, one of even functions (the cosines) and the other of odd functions
(the sines). It will be recalled that a function f(x)definedintheinterval —L < x < L
is said to be an even function in the interval if

f(=x) = f(»), @)

545



546 Chapter9  Fourier Series

deriving formulas
for a, and b,

and to be an odd function in the interval if

f(=x) = =f(x). ©)

The cosine function is an even function because cos(—x) = cos x in agreement
with the definition in (2). As this is true for all x, the function cos x is an even function
for —oo < x < oo. Similarly, sin x is an odd function because sin(—x) = —sinx in
agreement with the definition in (3). This also is true for all x, so the function sin x
is an odd function for —oco < x < oo.

Most functions are neither even nor odd, but any function in an interval — L <
x < Lcan be expressed as the sum of an even function and an odd function defined
over the interval. To see why this is, let f(x) be an arbitrary function defined over
the interval — L < x < L, and write it in the form

F0) = S+ F) 4 3(F) — ) for—L=x=L ()

Then the function

he) = 57 + (=) )
is seen to be an even function, because A(—x) = h(x), whereas the function

800 = 3(F() ~ f(—) ©)
is seen to be an odd function, because g(—x) = —g(x), so the assertion is proved.

Classify the following functions as even, odd, or neither.

(a) cosh x. (b) sinhx. (c) x? +sinx. (d) 1 4+ x? + 3x*.

Solution (a) As cosh(—x) = coshx for all x, the function cosh x is an even func-
tion for all x. (b) As sinh(—x) = —sinh x for all x, the function sinh x is an odd
function for all x. (c) (—x)?> = x2, so x? is an even function for all x, while sin x is an
odd function for all x, so the function x2 + sin x is neither even nor odd. In this case
the function x? + sin x is already expressed as the sum of an even function and an odd
function. (d) Set f(x) = 1 + x2 4+ 3x*. Then f(—x) = 1 + (=x)* + (—x)* = f(x),s0
f(x) is an even function. This result can be obtained by a different form of argu-
ment as follows. A constant does not change when the sign of x is changed, so all
constants are even functions and, in particular, 1 is an even function. The function
x? has already been shown to be an even function, and the function 3x* is an even
function because 3(—x)* = 3x*. Thus, as the function 1 + x> + 3x* is a sum of three
even functions, it must be an even function. [ |

To arrive at a formula for the a, in (1) corresponding to a given function f(x),
result (1) is first multiplied term by term by cos nx to obtain
f(x)cosnx = agcosnx + aj cos x cos nx + a cos 2x cos nx + az cos 3x cos nx
+ -+ a,_; cos(n — 1)x cos nx + a, cos® nx
+ ayy1 cos(n+ 1)x cosnx + - - - + by sin x cos nx
+ bysin2xcosnx + - - -.
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Integrating this result over the interval —n < x < 7 gives

f(x)cosnxdx = aO/

-7

T T b

cosnxdx + a; / cOS x cos nxdx
-7 —TT

T

T
+ay / cos2x cosnxdx + az / cos3x cosnxdx + - --

g -7

m

T
+a,_1 / cos(n — 1)x cosnxdx + ay, / cos® nxdx

-7 —IT
T

+ apy 1 / cos(n + 1)x cosnxdx + - - - + by /

-7 -7

+b2/ sin2x cosnxdx + - - -.

¥
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sin x cos nxdx

The orthogonality properties of the sine and cosine functions listed in entry
1 of the summary of main sets of orthogonal functions in Section 8.11 shows that
all integrals on the right with the exception of the one with the integrand cos® nx

vanish, giving rise to the result

g g

f(x)cosnxdx = an/ cos’ nxdx.
-7 bt (4

However, [* cos® nxdx = m,forn # 0 and " 1.dx =2, so0

b

1 (" 1
ag = — f(x)dx and a,=— f(x)cosnxdx, forn=1,2,....

27 - T Jx

A similar argument involving the multiplication of the Fourier series (1) by
sin nx followed by integration over the interval —m < x < 7 and use of the orthog-

onality properties of sin nx shows the coefficients b, are given by

1 g
b, = — f(x)sinnxdx, forn=1,2,....
T J-n

the Euler formulas

These results are the Euler formulas for the Fourier coefficients a,, and b,,, and
for future reference they are now listed, together with the associated Fourier series

representation of f(x).

the Fourier series
representation

coefficients a, and b, in the Fourier series representation of f(x)

f(x) =ao+ Z(a,, cos nx + by, sin nx)

n=1

are given by the Euler formulas

1 [" 1 [

@ =5 - fx)dx, a,= < f(x)cosnxdx,
1 s

b, = — f(x)sinnxdx,... forn=1,2,....

T J-x

Fourier series representation of f(x) over the interval — 7w < x < 7

Let the function f(x)be defined on the interval —7 < x < 7. Then the Fourier

™)

®)
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fundamental interval,
periodicity, and
periodic extension

The arguments used to derive the Euler formulasin (8) are not rigorous, because
the term by term integration needs to be justified and the convergence of the Fourier
series representation of f(x) to the function f(x) itself has not been examined, so
the use of an equality sign in (1) and (7) must be questioned.

JEAN BAPTISTE JOoSEPH (BARON) FOURIER (1768 -1830)

A remarkable French physicist who was also an outstanding mathematician. He was orphaned

at eight, and educated in a military school run by the Benedictines who then gave him a
lectureship in mathematics. He later moved to a chair at the Ecole Polytechnique in Paris, and
later to Grenoble where he was appointed Prefect by Napoleon. His experiments on heat
conduction while in Grenoble, suggested by Newton’s Law of Cooling, led him to propose his
law of heat conduction (Fourier’s Law) and to the publication of his most important Theorie
Analytique de la Chaleur in which he introduced the representation of arbitrary function over an
interval in terms of trigonometric functions, now called Fourier series. He was created a Baron by
Napoleon in 1808.

In fact, the preceding approach can be fully justified for all functions f(x) that
arise in practical situations, and we will see later that the equality sign can be used
wherever f(x) is continuous, whereas at points where f(x) experiences a finite
jump discontinuity the value assumed by the Fourier series representation is the
average of the values to the immediate left and right of the jump. It is for these
reasons that in more advanced accounts the equality sign in (7) is replaced by a
tilde ~, because this indicates that a relationship exists between a function f(x)
and its Fourier series representation without indicating that it is necessarily a strict
equality. When this notation is used, the connection between f(x) and its Fourier
series is shown by writing

flx) ~ap+ i(an cos nx + b, sin nx). 9)

n=1

The interval of integration — < x < w used when deriving the Euler formulas
is called the fundamental interval of the Fourier series, and the Fourier coefficients
will always be defined provided the integral ffn f(x)dx exists. Although Fourier
series comprise only even and odd functions, results (4) to (6) allow a Fourier series
to represent arbitrary functions that are neither even nor odd.

A Taylor series expansion of a function f(x) about a point x; requires the
function to be repeatedly differentiable at xo. However, the coefficients of a Fourier
series are defined in terms of definite integrals that are still defined when f(x) has
finite jump discontinuities in the fundamental interval, so the Euler formulas still
remain valid when f(x) is discontinuous. It is this property of a definite integral
that makes a Fourier series representation of a function more general than a Taylor
series expansion.

The properties of Fourier series reflect the periodicity of the sine and cosine
functions used in the expansion, where the period of a periodic function is defined
as follows. A function g(x) is said to be periodic with period 7 if

gx+T)=g(x) (10)

for all x, and T is the smallest value for which (10) is true. A periodic function
g(x) may either be continuous or discontinuous, and an example of a continuous
periodic function with period 7 is shown in Fig. 9.1.
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A1

|
|
| | |
€— T —><— T —>

0 X

FIGURE 9.1 A continuous periodic function
g(x) with period 7.

The functions 1, cosnx, and sin nx in the Fourier series representation (7) of
f(x) are all periodic with period 27, so the Fourier series representation of f(x)
defined on the interval —m < x < 7 is also periodic with period 2. It does not
necessarily follow that outside the fundamental interval the function f(x) coincides
with its Fourier series representation, because the behavior of f(x) outside the
fundamental interval does not enter into the Euler formulas. Each representation of
f(x)in aninterval of the form (2n — 1)7 <x < 2n+ )7, withn =0, £1, £2, ...,
is called a periodic extension of the fundamental interval for f(x).

In Chapter 8, Example 8.22, the discontinuous rectangular pulse function

0, - m<x<-m/2
fx) =31, —n/2<x<mn/2
0, n/2<x<m

was shown to be represented by the Fourier series

1 2 3 5 7
fx) ==+ — cosx — 22 x+cos r_ s x+~-~ for all z. (11)
2 7 3 5 7

If this function f(x) is defined for all x by the periodicity condition f(x +27) =
f(x), its graph takes the form shown in Fig. 9.2. Figure 9.3 shows the graph of the
first five terms of the Fourier series representation (11) in the fundamental interval.

This simple example emphasizes two important issues that always arise when
working with Fourier series representations of functions:

1. The need to interpret the equality sign in (7) at any point x = xy in the fun-
damental interval where f(x) is discontinuous.

2. The fact that the Fourier series of a function and the periodic extensions of
the function will only coincide when the function f(x) is itself periodic with
a period equal to the fundamental interval.

f(x)
1

3 —5m/2 3n2 -n -2 0| w2 m 32 sn2 3n X

« N J )

v v v
Periodic extension Fundamental interval Periodic extension

FIGURE 9.2 The periodic rectangular pulse function f(x).
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some illustrative
examples

Fourier Series

-3 )

FIGURE 9.3 Graph of the first five terms of the
Fourier series of f(x).

An example of the difference that can arise between the behavior of a nonpe-
riodic function f(x) and its periodic extensions is illustrated in Fig. 9.4 in the case
of the function

1/2, x<-m

0, —T<Xx<-7/2
fx)=11, /2 <x <m/2

0 T/2<x<m

1/4, x> m.

The periodic extensions of f(x) in its fundamental interval —n < x < 7 shown as
dashed lines are, of course, the same as those in Fig. 9.2, though in this case the
behavior of f(x) outside the fundamental interval is entirely different.

Find the Fourier series representation of

sin2x, —mw<x<-—m/2
fx) =10, —7/2<x<0
sin2x, 0<x<m.

Solution Thefunction f(x)iscontinuous over the fundamentalinterval -7 < x <
7, but it is defined in piecewise manner, so the Fourier coefficients must be deter-
mined by integrating the Euler equations (8) in a corresponding manner. We have

1 T 1 —/2 ) 1 T )
ap = — f(x)dx = —f sin 2xdx + —/ sin 2xdx
- 27T - 277.' 0

2w
1 1 1 1
I 77‘[/2 . T I S
= 271[ (1/2)cos2x] /" + 271[ (1/2) cos 2x]g o +0 7
f(x)
. ———— Periodic extension of f(x)
T T T 1 T i T
I o
A T I N
L I I : 4 ! ] | N |
- R - R —_———
-3n - 0 b4 3n X

« J\ . )
g v g

Periodic extension Fundamental interval Periodic extension

FIGURE 9.4 A nonperiodic function defined for all x, and the periodic extensions of the
function in its fundamental interval.



Section 9.1 Introduction to Fourier Series 551

Similarly,

1 T 1 —n/2
a, = — f(x)cosnxdx = —/
7T b4

-7 -7

. 1 [ .
sin2x cos nxdx + — / sin 2x cos nxdx
T Jo

_ 2 [eosmm +eostom/2)) 77 2 feosmr —1TT
. 2 _ 4 T n?—4

-7

=2[1 + cos(nm/2)]
= , forn+#2.
w(n? —4) 7
As the denominator in the expression for a,, is zero when n = 2, in order to find a,
itis necessary to return to the Euler formula for a,, and set n = 2 before integrating,

when we obtain

1 —7/2 1 b4
a) = — / sin 2x cos 2xdx + — / sin2x cos2xdx =0+ 0 =0.
- 0

T J T

The Euler formula for b, becomes

1 kg 1 —m/2 1 bd
b, = — f(x)sinnxdx = — [ sin 2x sinnxdx + — f sin 2x sin nxdx

T J n T J -z T Jo

1 [sin(n—2)x  sin(n+2)x ™21 [sin(n—2)x sin(n+2)x "

C2n n—2 n+2 771 27 n—2 n+2 0
2 sin(nm/2)

=———"_ 1 2.
7 (n2—4) orn #

As the denominator in the expression for b, is zero for n = 2, to find b, we must
set n = 2 in the Euler formula for b, before integrating, as a result of which we find
that

1 —/2 1 bd
by = — / sin’ 2xdx + — / sin? 2xdx
- 0

T J_y b4

1 _ 1

= —N[Zx — sin2x cos 2x]* + E[2x — sin 2x cos 2x|f

1 N 1 3
42 4

Combining the preceding results shows the first few Fourier coefficients to be
1 2 _0 2 1 2
aO— 27_[7 al - 371_7 aZ— s a3_ 57_[3 a4_ 3717 aS— 217_[7
2 3 2 2
bh=——, bh=-, bi=——, by=0, bs=-—,
T Ty BT s > 21x

When these coefficients are used, the first few terms of the Fourier series for f(x)
are seen to be

1 1 /2 2 1 2
fx) = Z—f- - (gcosx— gcos.’)x— gcos4x— ﬁ0055x+--->

Q| =

+

2'n +37T in2 2'n3 +2 inSx +
3s1x 451 X 551 X 2151 X4 ).
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Nth partial sum

FIGURE 9.5 Fourier series approximation for

f().

This example illustrates how when a sine function (or a cosine function) with an
argument mx with m an integer occurs in a piecewise defined function, its Fourier
coefficients a,, and b,, must be found from the Euler formulas with » set equal to
m before integration. Figure 9.5 shows a graph of this Fourier series approximation
to f(x) up to and including the terms in cos 5x and sin Sx. [ |

It is useful to have a special name for finite approximations to Fourier series
such as the one used to construct the graph in Fig. 9.5. Because of this it is usual to
call the approximation

N
Sn(x) = ap + Z(a,, cos nx + b, sin nx) (12)

n=1

to the full Fourier series in (7) the Nth partial sum of the Fourier series. Thus, the
graph in Fig. 9.5 shows the fifth partial sum Ss(x) of the function f(x) defined in Ex-
ample 9.2. The Fourier series in (7) is related to its Nth partial sum S,(x) by the limit

f(x) =ao+ Z(an cosnx + b, sinnx) = A}im Sn(x). (13)

n=0

Not every function has a Fourier series involving an infinite number of terms,
as can be seen by considering the function f(x) =1+ 2sinxcosx. When this is
rewrittenas f(x) = 1 + sin 2x, itis recognized that itis, in fact, its own Fourier series.

There is nothing special about the choice of —7 < x < as a fundamental
interval, and itis often necessary to take the fundamental intervaltobe — L < x < L.
Results (7) and (8) generalize immediately once it is recognized that the set of

functions
TX 2w X 3mx .omx . 2mx . 3mx
1,cosT,cos—L ,cos—L ,...,smT,sm—L ,sm—L

form an orthogonal set over the interval —L < x < L. This can be seen by using
routine integration to show that

L
/ sin mzx cos %dx =0 for all integers m and n, (14)
-L

L
/ in 770 Gin M gy = {O for m # n for all integers mand n,  (15)

Lsm L sm L L form=n
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and
L 0 form#n
mmux nwx
/ €S —— €08 ——dx={L form=n+#0 forallintegers mandn
-k 2L form=n=0.
(16)
The Fourier series of a function f(x) defined on the interval —L <x < L
becomes
= nwx . nmX
f(x) =ao+nz:; (a,, c0s —— + b, sin T) (17)

and the corresponding Euler formulas for the a, and b, follow as before. The

coefficients a, are obtained by multiplying (17) by cos “7* and integrating over

the interval —L < x < L, while the b, follow by multiplying (17) by sin /= and
integrating over the same interval. The result is as follows, though the details are
left as an exercise.

Fourier series representation of f(x) over the interval —L < x < L

Fonrierlseriesioyer Let the function f(x)be defined on the interval — L < x < L. Then the Fourier
—L<x<lL coefficients a, and b, in the Fourier series representation of f(x)
> nwx nwx
fx)=ao+ ; (an cos —— + by sin T) (18)

are given by the Euler formulas

1 L 1 rr nwx
ap = ﬁ/—L f(x)dx, a,= Z/—L f(x) cos de,
(19)
i e . nmwx
b, = z[Lf(x)51anx, forn=1,2,....

PR Find the Fourier series representation of f(x) = x +1for -1 <x < 1.

Solution In this case L = 1, so using integration by parts we find that

COSNTX  XSINATX
2

1! !
ap = E/ (x+Ddx=1, a,= / (x + 1) cosnmxdx =
-1 -1

n’m nmw
. 1
sinnmwx
+ =0
nr |,

and

’

n’m? nmw nmw

1 . 1 n+1
. SINNTX  XCOSHTX  COSHITX 2(-1

by,= | (x+1)sinnrxdx = — = 2=

-1 1 ni
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_v
-1

0.5 or 0.5 1 x

FIGURE 9.6 The partial sum approximation
S10(x).

forn=1,2,..., where we have used the fact that sinnmr = 0 and cosnmr = (—1)"
for n a positive integer. Substituting these coefficients into (18) shows the required
Fourier series representation to be

22X (_1)n+1
fx)=1+ ~ ; E— sinnrx, for—-1<x<1.
A graph of the partial sum approximation Sjo(x) to f(x) is shown in Fig. 9.6. m

As cosines are even functions and sines are odd functions, it is to be expected
that a Fourier series representation of an even function will only contain cosine
terms, whereas a Fourier series representation of an odd function will only contain
sine functions. These properties form the basis of the following result that simplifies
the task of finding Fourier series representations of even and odd functions.

expanding even and Fourier series of even and odd functions
odd functions ) . .
If f(x) is an even function defined on the interval —L < x < L, then

9 nwx i L
= n —, ith ay = — dx,
f(x) ao—l—;a cos — with ag L/o f(x)dx
2 IL,
Ty = —f f(x)cos I
L Jy L
forn=1,2,...;if f(x)is an odd function, then

(o) 2 IL,
Fx) = ;bn sin % with b, = 7 /0 £(x)sin %dx,

forn=1,2,...,

The justification of these results is as follows. To find the form taken by the Fourier
coefficients a, of an even function, and why its Fourier coefficients b,, vanish, we
will consider an even function f(x) defined over the interval —L < x < L.
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By definition,

1 L 1 0 1 [k
aw=sp [ reix=gp [ w5 [ g

Setting x = —u in the first integral on the right gives

1 [ 1 [
27‘[L f(x)dx = —iﬁ f(—u)du

As fis an even function, f(—u) = f(u), so using this result, changing the sign of
the integral by interchanging its limits, and then replacing the dummy variable u by
x gives

1 (0 1 L
2_14/71‘ fx)dx = ﬁ/() f(x)dx.

When this is combined with the original expression for ap we find that

L
ap = %/0 f(x)dx,

and a strictly analogous argument shows that

2 L
a”ZZ,/ f(x)cosnmxdx forn=1,2,....
0

The Fourier coefficients b, are given by

1L 1[0 1 [k
by = Z/_L £(x)sin %dx - Z/_L £(x)sin %dwr Z/o £(x)sin %dx.

Setting x = —u in the integral taken over the interval —L < x < 0 gives
1 [0 1
E/—L f(x)sin %dx = _Z/L f(—u)sin (—ELM) du.

We now use the fact that f is an even function, so f(—u) = f(u), together with
the fact that the sine function is an odd function. Reversal of the limits coupled with
changing the sign and replacing u by x gives

1 0 1 [k

—/ f(x)sin MY g = ——f f(x)sin 07 .

L], L LJ L
Finally, using this result in the original expression for b, gives

1 [r 1 [r
bnzzfo f(x)sin%dx—zfo f(x)sin%dxzo forn=1,2,...,

and the result is proved.
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f(x)
fx)=|x]|
AN 7/
N 7 N 7
AN Ve N Ve
AN /7 N /7
| ARd | | N |
3L 2L -L 0] L 2L 3L x

FIGURE 9.7 The function f(x) = |x|in
—L < x < Land two periodic extensions.

A similar argument shows that if f(x) is an odd function over —L < x < L,
then

a,=0 forn=0,1,2,...,

and
b, = [ / i(x) sin dx forn=1,2
n [ 3 Ly ey

and the results have been established.

PETTITEYI Find the Fourier series representation of f(x) = |x| in the interval —L < x < L.

Solution The graph of this even function, together with two of its periodic exten-
sions outside the fundamental interval —L < x < L, is shown in Fig. 9.7.
The Euler formula for the coefficients a,, of the even function |x| defined as

x| =1"% for <0
“x forx >0

gives
ap = %/OLxdx =3
and
5 nwx . nnxt
9 L T x 7 | L COST Lnmxsin —
a,,:ZfO xcosde=Z o + o , forn=1,2,....

0

If we use the fact that sin nr = Oand cosnr = (—1)" when nis a positive integer,

representation

of cosnw

a convenient it then follows that
2L
an=S5[(=1y' 1] forn=1,2,...,
n-m
and so
4L
ap = ——— whennisodd
n’m
and

a, =0 whenn #0, is even.
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f(x)
, 2F
it flx)=x it
7 7
1 I// 1 1 I// 1
-6 44 2 0o 2 .,%4 6 x
// Ve
7/ 7/
7 _2 [ 7

FIGURE 9.8 The function f(x) = xin
—2 < x <2 and two periodic extensions.

Thus, the Fourier series representation of f(x) = |x|for —L < x < Lis

TX TX
COS — COS — COS —
L 4L L L

fO=5-%717 *t 3 T =%

The sequence of positive odd numbers can be written in the form 2n — 1 with

n=1,2,...,so this last result can be expressed more concisely as
2n —1)nx
L 40L& L
- _ = for—-L<x<L. |
A D T orThEts

Find the Fourier series representation of f(x) = x on the interval =2 < x < 2.

Solution A graph of f(x) and two of its periodic extensions outside the funda-
mental interval —2 < x < 2 is shown in Fig. 9.8.
Using the fact that L = 2, a straightforward calculation gives

b—1/2xsinnnxdx— 2 sianx 1n7rxcosmm2
"2, 2 T n2n? 2 2 2 |,

_ 4cosnm_ 4(-1)y!

ni ni

)

and as the function is odd all the coefficients a,, = 0.
The required Fourier series representation is thus

. TX . 3mx
4 S50 singx ST
—_ — + —
T

: 3 3 -,

flx) =
which can be written in the more concise form

4 & (~1y
f(x)zgzl%sin? for -2 < x < 2. [ |
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Summary

Fourier series have been defined over more general intervals than —7 < x <7 and

the notion of a periodic extension has been introduced. Attention has been drawn to
the behavior of a Fourier series representation at a point of discontinuity of f(x), and the
expansion of even and odd functions has been considered.

EXERCISES 9.1

Find the period of each of the functions in Exercises 1
through 6.

1. cosx + sin2x. 2. 2sin2x —3cosf.
3

3. sinxcosx.

5. 3sin > + cos a X X
: 3 2’ 6. cos = +5sin=.

3 4

In Exercises 7 through 10 (a) sketch the given function in

the interval —3a < x <3a, and (b) in the intervals —3a <

x < —a and a < x < 3a, and state whether the function is

periodic.

4. cos2xsinx.

R
-1, —a<x<0

8 f(x)= flx+2a) = f(x).
2, O<x<a,

9. f(x)=a— |x|.

10. f(x) =|sinmx/al.

In Exercises 11 and 12 make use of the trigonomet-
ric identities sin(A= B) = sin Acos B & cos Asin B and
cos(A=+ B) = cos Acos B + sin Asin B to transform the
given functions into their (finite) Fourier series.

11. (a)sinxcosx. (b)1—2sin*x. (c)sin3x cosx.
12. (a)4cos2xcos5x. (b)sinxsin2x. (c)cos?2x —1/2.
Verify the following definite integrals that were used when

developing a Fourier series representation over the interval
—L<x<L.

L
13. / sin mrx cos @dx =0 for all integers m and n.
-L

L L
L 0 form#n
14./ sinmmcsin@dxz L form=n,
_L L L

with m, n integers.

L L

0 form#n
={L form=n#0
2L form = n =0 for all integers m and n.

L
mmx nmwx
15. [ cos cos —dx
L

16. Prove that the product of two even functions and of two
odd functions is an even function, and that the product
of an even and an odd function is an odd function.

17. Prove that the sum of two even functions is an even
function and the sum of two odd functions is an odd
function.

18. Prove that if f(x) is an odd function all the Fourier
coefficients a,, = 0.

19. Evaluate the following integrals that arise when find-
ing the Fourier series expansion of x over the interval
—L<x< L.

L L
2
(a) '/;Lxsin %dx. (b) /;Lxsin %dx.

L 3wx
in —dx.
(c) /_Lxsm 7 X

20. Evaluate the following integrals that arise when find-
ing the Fourier series expansion of x? over the interval
—L<x<L

L L 2
(a) /_sz sin %dx. (b) /_sz sin %dx.

L 3mwx
2 sin ——dx.
(c) /_Lx sin 7 X

The integrals in Exercises 21 and 22 arise when finding the
Fourier series expansion of e** over the interval —L < x <
L. Use the result cosnr = (—1)" for integral values of n to
establish the stated result.

21. ’ e sinnxdx = (—1)"! % for integral
v;fues of n.

22. ’ e’ cosnxdx = (—1)"% for integral
v;fues of n.

In Exercises 23 through 35 find the Fourier series represen-
tation of the given function over the indicated fundamental
interval and use a computer to plot the indicated partial sum
S, (x) over the fundamental interval.

a, —nmw<x<0
B )= {b, 0<x<m. PlotS(x)fora=3b=1.

x+1, -1<x<0
24. f(x) = {x —1, 0<x<1. PlotSp(x).

25. f(x)=1—|x|, —1<x < 1.Plot Sjp(x).
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0, 2<x<0 31 f(x) =x% —2m <x <2m.Plot Sjp(x).
26. f(x) = : . :
x, 0<x <2 PlotS(x). 32. f(x) =sinax, —m <x <m withanotaninteger. Plot
27. f(x) = |sinx|,—7 < x < x (afullyrectified sine wave). Sio(x) fora = 0.7.
Plot Sio(x). 33. f(x) =cosax, —m <x < m withanotaninteger.Plot
28, f(x) = ax, —mT<x<0 Sio(x) fora = 0.7.
bx, 0<x<m. PlotSs(x)fora=10>b=3. 3. f(x)=e", —m <x <m.PlotS$(x)fora=0.7.
0, T <x<0 0, 2 <x< -7
29. f(x) = sinx, 0<x<m PlotSs(x). 35. f(x)={sinx, —w<x<m
0, 7 <x <2m. Plot S3(x).

30. f(x)=x% —m <x <m.Plot S(x).

9.2 ___ Convergence of Fourier Series and Their
Integration and Differentiation

The general theory of the convergence of Fourier series is complicated and still
incomplete in some respects. Consequently, we will only derive some useful results
that can be obtained in a straightforward manner, and then state without proof
a convergence theorem due to the German mathematician P. G. L. Dirichlet
(1805-1859) that is sufficient for all practical applications of Fourier series.
Let us consider the nth partial sum
n
Sn(x) = ap + Z(ar cosrx + b, sinrx), (20)
r=1
of the Fourier series for f(x) in (7) defined over the interval —n < x < 7. Then,
provided the integral [” [ f(x)]*dx exists and is finite, we have the obvious result
T T T T
/ [f() = Su@)Pdx = | [f)Pdx =2 | f(x)Su(x)dx + | [Si(x)]dx.
2y

From the definition of S,(x) in (20), it follows that

T -7

" 2
/ [S,(x)Pdx = f |:a0 + ) (a,cosrx + b, sin rx)} dx,
- r=1

but the orthogonality of the sine and cosine functions reduces this to

f [Sa(x)]Pdx = / addx + Z [af/ cos? rxdxi| + Z [bf/ sin’ rxdxi|
- - r=1 - r=1 -
=7 |:2a§ +Y (al+ bf)} . (22)
r=1

If f(x)is replaced by its Fourier series, a similar argument shows that
F(x)Su(x)dx = 7 [mé +) (af + bf)} , (23)
- r=1

so combining (21) to (23) gives

) - SioPdx = [ [FoPdx - [mé FY (@ b%)} S
- - r=1
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Bessel’s inequality

the fundamental
Riemann-Lebesgue
lemma

Parseval relation

The integral on the left of (24) is nonnegative, because its integrand is a squared
quantity, so it follows at once that for all n

26+ @+ ) = 1 [ 1reora

r=1

so letting n — oo we arrive at the inequality

2a2 + Z a’+ b)) < — [ f(x)Pdx. (25)

r=1

This is Bessel’s inequality for Fourier series, and the restriction to functions
f(x) such that [* [ f(x)]*dx exists and is finite implies that the series

23+ (a? +b7)

r=1

is convergent, so the coefficients in the associated Fourier series (7) must be such
that

lim a, =0 and lim b, =0. (26)

n—oo n—oo

This important result on the behavior of Fourier coefficients as n — oo is called the
Riemann-Lebesgue lemma, though its rigorous proof proceeds differently.

It is also a consequence of (24) that if the nth partial sum S,(x) converges to
f(x) in the sense that

lim / [£(x) = Su(x)]Pdx =0
which is true for all functions f(x) encountered in applications, then
2a2 + Z a4+ b?) = f [f(x)]Pdx. (27)
r=1
This is the Parseval relation for Fourier series.

Apply the Parseval relation to the Fourier series of f(x) = |x| defined over the
interval —7 < x < 7.

Solution It follows from Example 9.4 with L = n that the Fourier series repre-
sentation of f(x) = |x| over the interval —7 < x < 7 is

T cos(2n — 1)x
f0) = E"Z Qn—1)7

so that

~

v

ay) = =, -1 = —

> and ap, =0 forn=1,2,....

7(2n —1)%’

[ trerar= [ ea=2

‘We have
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so as the integral is finite, provided S,(x) converges in the norm to f(x), it follows
from the Parseval relation in (27) that

1 (273 72 16 & 1
= )=2—+=) — .
71(3) 4+nZZ(2n—1)4
n=1
After simplification this reduces to the well-known result
7t i 1
96 = (2n-1)*
1 1 1 1
SEtmtmTET

The justification for applying the Parseval relation in this case is provided by
the following theorem. It can be confirmed by summing a large number of terms
and comparing the result with the known value of 7#/96. For example, using n =
100 leads to the result 7*/96 &~ 1.01467801, while a direct calculation shows that

74/96 = 1.01467803, so the two results agree to seven decimal places. ]
Convergence of Fourier series Let f(x) be continuous over the interval —L < x <
L except possibly at a finite number of internal points x1, X, . .., at each point x,, of

fundamental
convergence theorem

which the function has a finite jump discontinuity f(x,+) — f(x,—). Furthermore,
let the left- and right-hand derivatives f’(x,—) and f’(x,+) exist forn =1,2,....
Then at points of continuity of f(x) its Fourier series converges uniformly to f(x),
and at each point of discontinuity it converges pointwise to

%(f(xn—) + f(xy,+)) forn=1,2,....

If, in addition, f(x) has a right-hand derivative f'(—L+) at the left end point of
the interval and a left-hand derivative f'(L—) at the right end point of the interval,
then at x = £ L the Fourier series converges pointwise to

L)+ f(L). g

In effect, this theorem says that if f(x) is piecewise continuous and bounded
over the interval — L < x < L with derivatives defined to the left and right of each
discontinuity, its Fourier series converges uniformly to f(x) wherever it is continu-
ous and to the mid-point of the jump where there is a discontinuity. If, in addition,
one-sided derivatives exist at the ends of the interval, then at both x = —L and
x = L the Fourier series converges to the average of the values of f(x) at the two
ends of the interval.

A consequence of this theorem that is sometimes useful is that it allows many
numerical series to be summed in closed form. Results of this type follow by choos-
ing a value of x for which the terms of the Fourier series take on a simple numerical
form, and equating the result to the appropriate value of f(x). At a point x = x*
where f(x) is continuous the series will converge to f(x*), and at a point x = x*
where f(x) is discontinuous the series will converge to the mid-point of the jump.
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how Fourier series
can be used to
sum series

(a) Given that the step function

-1, for—-m7 <x<0
f(x):{l, forO<x<m

has the Fourier series

) = ; i sin(2n — 1)x

—~ 2n-1 ’
find a series for /4.
(b) Given that
0, for—-m7<x<0
f(x):{x{ forO0<x<m

has the Fourier series

f(x):%2+i{|:2(;zl)n]cosnx+ |:( 1)”(

n=1

find a series for 72 /6.

Solution

(a) The function f(x) graphed in Fig. 9.9 is seen to be discontinuous at x =0
and to have different values at x = & 7. The average of the values of f(x) to the
immediate left and right of the discontinuity at x = 0 is zero, so the Fourier series
will converge to the value zero when x = 0. Setting x = 0 in the Fourier series
causes every term to vanish, so equating this to the value to which the Fourier

7.[2

n

27 .
s sinnx ¢,

series converges at the origin yields the uninteresting result 0 = 0.

To obtain a more interesting result, let us try setting x = 7 /2, which makes
sin (2n — 1)% = (—1)"*'. The function f(x) is continuous at this point and equal
to 1, so its Fourier series will converge to the value 1 when x = 7 /2. Inserting this

value of x into the Fourier series and equating the result to 1 gives

SO

-1

FIGURE 9.9 The step function f(x).
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(b)

FIGURE 9.10 (a) The function f(x)and
(b) Sio(x).

This series, known as Leibniz’ formula, converges very slowly, so it is not useful for
computing 7.

(b) The function f(x) is graphed in Fig. 9.10(a), and Sjo(x) in Fig. 9.10(b). The
average of the values of f(x) at the end points of the interval —7 < x < 7 is 72/2,
so setting x = 7 in the Fourier series and equating the result to 772/2 as required by
the last part of Theorem 9.2 gives

2

72 >0 1
:z ;_27

where we have used the fact that cosnm = (—1)" and sinnz = 0 for positive
integers n.
This result simplifies to the series

2

1
%—1+—+—+ Z —

which converges somewhat faster than the series in part (a). ]

Examination of Fig. 9.3 and also Fig. 9.6 in Section 9.1 shows that when f(x) is
discontinuous, the graph of the partial sum S,,(x) of the Fourier series representation
of the function exhibits over- and undershoots close to the discontinuities. This is
called the Gibbs phenomenon, and it persists for all values of n. This behavior
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THEOREM 9.2

when a Fourier series
can be integrated

|

- o
r +~
S M

-0.2
(b)

FIGURE 9.11 An example of the Gibbs
phenomenon with (a) n = 10, and (b) n = 20.

reflects the way the continuous function S,(x) obtained from the Fourier series
approximates the behavior of f(x) at a point of discontinuity. Increasing n simply
moves the under- and overshoots closer to the discontinuity while leaving their size
approximately the same.

Figure 9.11 shows the Gibbs phenomena for the function

0, —-m<x<-m/2
fx)y=31, —m2<x<m/2
0, n/2<x<m

for different partial sums S, (x). The results should be compared with Fig. 9.3, which
shows the graph of Ss(x).

We now state without proof two important theorems concerning the term-
by-term integration and differentiation of Fourier series that are often useful, but
before doing so we first define what are called Dirichlet conditions, which are sat-
isfied by most functions of practical importance.

A function f(x)issaid to satisfy Dirichlet conditions on aninterval - L. < x < L
if it is bounded on the interval, has at most a finite number of maxima and minima,
and is continuous apart from a finite number of discontinuities in the interval.

Termwise integration of Fourier series The integral of any function f(x) satisfying
Dirichlet conditions on the interval — L < x < L can be obtained by term-by-term
integration of the Fourier series representation of f(x). So, if f(x) has the Fourier
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series representation

f(x)_ao-l—Z(a,,cos(nL )+b sm(mzx» for—-L<x<1L,

then

/_XL fw)du = ap(x + L)
22 [rm () (e () + e

for —L<x < L.

Termwise differentiation of Fourier series Let f(x) be a continuous function on
the interval —L < x < L such that f(—L) = f(L), and suppose also that f'(x) is
piecewise continuous. Then for any x strictly inside the interval at which f”(x) exists,
the derivative of f(x)can be obtained by term-by-term differentiation of the Fourier
series representation of f(x). So, if f(x) has the Fourier series representation

when a Fourier series
can be differentiated

f(x)=a0+%2<ancos< )+b s1n<mzx>) for—L<x <L,

then
fl(x) = T i( nay, sin (me) + nby, cos <nnx>> for—-L<x <L
L~ " L b L ’
except for points at where f’(x) and f”(x) are not defined. [ |
Use the Fourier series representation of the function
-1, -7 <x<0
f(x)={1’ O<x<m

given in Example 9.7 to find a Fourier series representation of F(x) = [~ f(¢)dt
in the interval —7 < x < 7, and relate the result to Example 9.4.

Solution As f(x) satisfies the conditions of Theorem 9.2, its Fourier series repre-
sentation may be integrated term by term to obtain the Fourier series representation
of

X

—1ldt = —(x + ), for—7 <x <0

g

Foo = [ swar={" )
o —1dt+/ ldt =x—n for0<x < m.
0

-7
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From Example 9.7, the Fourier series representation of f(x) is

4 S sin(2n —1)x
0= =51

soreplacing x by the dummy variable ¢ and integrating over the interval -7 <t < x
gives

sin(2n — 1)t 4| & cosn—1)x  cos(2n—1)w
F S _ '
(x) = Z/_ 2n — 1 T |:n_1 2n — 1)2 ; (2n — 1)2
Ascos(2n — 1)7r = —1forn=1,2,..., this reduces to

4 cos(2n — 1)x 4
F(x)z_nz (2n — Z(2n—1)2

n=1

The numerical series on the right can be summed by applying the Parseval
relation to the Fourier series representation of f (x) to obtain

00 4 2 oo
ZZnZ;(n(Zn—l)) : ;(2;1—1)2

Replacing the numerical series in F(x) by 72/8 reduces it to

cosn—1)x 4 n?

_x F()dt = —;Z S

T 4 i cos(2n — 1)x
(2n — 1)2 T 8 2 o«

— (@2n-1)2 7

and so the required Fourier series representation is

/ —ldt =—(x+m), for—-7<x<0

F(x) = 0 X
/ —ldt—i—/ ldt =x—mn, forO<x<m
- 0
T 4 Z cos(2n — 1)x
N 2n—1)2 °

Examination of F(x) shows that F(x) = |x| — 7, so as a check we see that the
Fourier series representation of the function |x| in the interval —m < x < 7 can be
obtained by adding 7 to the Fourier series representation of F(x) to obtain

i o cos(2n — 1)x
___E , for —m <x<m,
x| = > " 2 (2n—1)2 or — 7 <x<m

in agreement with the result of Example 9.4 with L = x. ]

" examei 0.0 RO

sin2x, —nw <x<-—m/2
f(x)=10, —n/2 <x<m/2
sin2x, w/2<x<m,

find f’(x) by differentiation of the Fourier series representation of f(x).
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Summary
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Solution The function satisfies the conditions of Theorem 9.3, so its Fourier
series representation may be differentiated term by term to find the Fourier
series representation of f’(x). It was shown in Example 9.2 that the Fourier se-
ries representation of f (x)is

1 /2 2 1
flx) = —+ <§ COSX — gCOSSx— gcos4x—--~>

+ —1 ——sinx + —3 sin2x — — sin3x +
1 1 ..
X X 3 X y

so differentiation shows the first few terms of the Fourier series for f’(x) to be
1 2 6 1 2 3
fl(x)=——=sinx+ —sin3x +--- ) + — ——cosx+—ﬂ0052x—~- ,
T 3 5 g 3 2

where from the definition of f(x)

2cos2x, —mw<x<-m/2
f'(x) =10, —7/2<x<m/2 n
2cos2x, mw/2<x<m.

The convergence of Fourier series has been examined, and it has been shown that
where f(x) is continuous its Fourier series representation converges to f(x), but where
it has a finite jump discontinuity it converges to the mid-point of the jump. The Bessel
inequality and the Parseval relation have been established, and conditions given for the
termwise integration and differentiation of a Fourier series.

EXERCISES 9.2

In Exercises 1 through 4, apply the Parseval relation to the
given function and its Fourier series to obtain a series rep-

6. Find the Fourier series for the function

.. . 0, -4<x<0
resentation involving a power of 7. flx)= {4’ 0<x <4
L f(x)= {_1’ r=x =0 and apply the Parseval relation in Exercise 5 to the re-
1, O<x<m sult PPl
with f(x) = 2 Z 45111(2” D . 7. Use the Fourier series in Example 10.6(b) for the func-
=N tion
2. f(x)=x,—m <x<x

1 sin nx

with f(x) —22( 1y ==

0, for—-7m<x<0
f(x):{xz’ forO0<x <m

3. fx)=x? T sx=m to find a series for 72/12.
T 1 COSNX 8. Use the Fourier series for f(x) = |sinx|, for —7 < x <
with f(x) = 4 Z( D ' 7, to find a series for 7 /4.
4. f(x)= |cosx| —r < x <z 9. Use the Fourier series for
cos 2nx for—1<x<0

with f(x)_—+ Z( 1)"+1(4 1y

. Show that the Parseval relation for a function f(x) de-

fined on the interval — L < x < L takes the form

/ [f(x)]zdx—2a0+z a,+b;).

10.

0,
flx)= {x, for0<x <1
to find a series for 72/8.
Integrate the Fourier series of f(x)in Exercise 2 to find
the Fourier series of x2. What happens if the Fourier
series of f(x) is differentiated to find f'(x)?



568 Chapter9  Fourier Series

11. Find the Fourier series of f(x) = 7% — x*for -7 < x <
7 and use it with Theorems 10.2 and 10.3 to find the
Fourier series of x and x(7? — x?).

Exercises 12 through 18 are optional. Exercises 12 through
14 show how the partial sum

n
Su(x) = ap + Z(ar cosrx + b, sinrx),
r=1

of the Fourier series of a function f(x) defined over the
fundamental interval —m < x < 7, and by periodic exten-
sion outside it, can be expressed as an integral. Exercises 15
through 17 provide an intuitive justification of Theorem 9.1.

12. Starting from the trigonometric identity
sin + !
i n+ =
n 2 X
Z cosrx = ——————=

X
r=1 2 si —
()

that formed Exercise 19 in Section 1.4, integrate the
identity first over the interval [—x, 0] and then over the
interval [0, ] to show that

snf(r )]
L)
(1))
L

13. Substitute the Euler formulas for a, and b, into S,(x),
after first replacing the dummy variable x in each inte-
gral by the dummy variable u to avoid confusion with
the variable x in S,(x). Combine all terms under a single
integral sign and, after simplifying the result using the
formulacosa cosb+sinasinb = cos(a — b),use there-
sults of Exercise 12 to show that

Su(x) = %/;Hﬂ flx— I)Mm.

t
x—x 2si -
Sin <2>

Ly
2

x =m and

X =T.

14. Use the periodicity of the integrand of S, (x) in Exercise

13 to show that
o (n+5)1
n4 —
mva )y,
2sin | =
s1n<2>

The function D, (¢) = sin[(n + %)t]/[z sin(§)] occurring
in the integrand of S,(x) is called the Dirichlet kernel.

S, =7 [ L=+ fr0)

15. Use a computer to graph D,(t) in Exercise 14 in the
interval —7 <t < &, for n = 10, 15, 30. Confirm from
the graphs that when # is large D,(t) only differs sig-
nificantly from zero in the interval —27/(2n+1) <t <
27/(2n+1).

16. Use the conclusion of Exercise 15 together with the re-
sult

D,(t)dt ==
established in Exercise 12 to give reasons why for large
n the Dirichlet kernel D, (t) can be approximated by the
rectangular pulse function

0, - <t<-=2n2n+1)
At)=10@n+1)/4, 27/2n+1) <t <27/2n+1)
0, 2n/2n+1) <t <.

17. Use the result of Exercise 16, with

5,00 = 1 [ Lfee=0+ fr+ 01D, 0

from Exercise 14, to suggest why in the limit as n — oo
this confirms the convergence properties of Fourier se-
ries stated in Theorem 9.1.

18. By first setting f(x) = sinmx and then f(x) = cosmx
in the result of Exercise 17, with m a positive integer,
and using the fact that the functions sin mx and cos mx
are their own Fourier series on —7 < x < 7, deduce
that

/sinmtDn(z)dt:/ cos mt D, (t)dt
0 0

0, n=1,2,....m-1
T \x/2, n=mm+1,....

9.3 Fourier Sine and Cosine Serieson 0 < x< L

A function f(x) that is specified on the interval 0 < x < L can be represented
in terms of a series either of sines or of cosines on the interval. These series are
obtained by first extending the definition of the function to the interval - L < x < L
in a suitable manner, and then restricting the Fourier series representation of the
extended function to the original interval 0 < x < L.
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Sine Serieson 0 < x< L

Let a function f(x) specified on the interval 0 < x < L be extended to the interval
—L < x < Las an odd function by the requirement that f(—x) = — f(x) for — L <
x < L. Then the odd function g(x) given by

—f(=x), —L<x<0
““z{ﬂw, 0=x<L

and defined on the interval —L < x < L, coincides with the function f(x) on the
original interval 0 < x < L.

It follows from Theorem 9.1 and the Fourier series representation of functions
on the interval — L < x < L that

> nmwx
= bn in — ) f _L S S L’ 28
f(x) nE=1 sin — or X (28)
where
b, = 2 /Lf(x)sin "X dx, forn=1,2 (29)
n — L ) 2 , =1l,4,....

Asthe functions f(x)and g(x) coincide for0 < x < L, we see that by restricting
x to the interval 0 < x < L, series (28) is the required sine series. Result (28) with
the coefficients b, defined by (29) is called the sine series representation of f(x)on
the interval 0 < x < L, or sometimes the half-range sine series expansion of f(x).

Cosine Serieson 0 < x< L

If f(x) is extended to the interval —L < x < L as an even function, by requiring
that f(—x) = f(x) for —L < x < 0, we can define an even function g(x) by

| f(=x), -L<x<0
e e

If we again use Theorem 9.1 with the Fourier series representation of functions on
the interval — L < x < L, it follows that

o0
f(x):ao—i-Zancos%, for-L<x<L (30)
n=1

where

1L 2 b
ao:Z/o f(x)dx and an=z/0 f(x)cos%dx, forn=1,2,....
(31)

Here also the functions f(x) and g(x) coincide for 0 < x < L, so by restrict-
ing x to this interval (30) is seen to provide required cosine series representation
of f(x) on the interval 0 < x < L. Result (31) with the coefficients a, defined by
(32) is called the cosine series representation of f(x) on the interval 0 < x < L, or
sometimes the half-range cosine series expansion of f(x).
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Fourier expansions
only in terms of
sines or cosines

Sine and cosine representations of f(x)on0 < x <L
Let f(x) be defined on the interval 0 < x < L. Then the sine series represen-
tation of f(x) is given by
= nmwx
f(x) = ansinT, forO0<x <L,
n=1
where
2 1L,
b, = —f f(x)sin@dx, forn=1,2,...,
L J, L
and the cosine series representation of f(x) is given by

o
f(x)=a0+2ancos%, for0<x <L,
n=1

where

1 L 2 L nmwx
a0=z/(; f(x)dx and anzzf(; f(x)COSde’

forn=1,2,....

Find the sine and cosine representations of f(x) = x for0 < x < 7.

Solution The sine series representation is given by
o0
flx) = Z b, sin nx,
n=1

where
2 [t .
bnz—/ xsinnxdx, forn=1,2,....
T Jo

Integrating this last result, we find that
2
by = (—1)"*'=,
n
so the required sine series representation is

o .
25—yt I 0 <x <
F =23 1y I forg < <

n=1

The cosine series representation is given by

o0
f(x)=ap+ Zan cos nx,
n=1
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where

b
a0=—f xdx and a,=
0

T

Integration gives

T
a0=§,

while ay,_1 = —

so the cosine series representation is

f(X)=

Summary

Fourier Sine and Cosine Serieson0 <x <L 571
2 T
—/ xcosnxdx forn=1,2,....
T Jo
4
m, and 612”:0 forn:1,2,...,
cos(2n —
Z (2n—1)2 for0 <x <. |

It has been shown how a function f(x) defined on the interval 0 < x < L can be repre-

sented either in terms of a series involving only sine functions or as a series involving only
cosine functions. These special Fourier series, called either half-range sine or cosine Fourier

series, were obtained from the usual expansion over the interval
the definition of f(x) to the interval

—L < x < L by extending

—L < x < L inasuitable manner. As half-range Fourier

series are derived from ordinary Fourier series, their convergence properties are the same
as those of ordinary Fourier series.

EXERCISES 9.3

In Exercises 1 through 4 find the sine series for the given
function defined on the interval 0 < x < .

1.

CY IS

f(x) = x2.
f(x) =|cosx|.

cosx, O<x=<mn/2
f()_{ /2 <x <.
fo) = (x —m)*/m?.

In Exercises 5 through 8 find the cosine series for the given
function defined on the interval 0 < x < 7.

cosx, O<x=<mn/2
5f()—{ w/2 <x <.
6. f(x)=sinx.
sinx, O<x<umn/2
7f()_{ /2 <x <.
8. f(x)=(x—n)/n%
9. Use the sine series together with the orthogonality of

10.

the functions sin 7=, forn = 1,2, ..., on the interval
0<x<Lto show that the Parseval relatlon for the
sine series takes the form

L o)
7 [ trwpa =3

Use the cosine series together with the orthogonality
of the functions cos 7=, forn = 1,2, ..., on the inter-
val0 <x < L to show that the Parseval relation for

11.

12.

13.*

the cosine series takes the form

%/L[f(x)]de =2a}+ 0% + iafl.
0

Find the sine series representation of

fx)=e™,

Find the sine and cosine series representations of
f(x) =7 —x on the interval 0 < x <. Use them
with the results of Exercises 9 and 10 to show that

O<x<m.

72 > 1 a4 o0 1
T2 9% = 2 G-

Comment on which series representation converges
most rapidly to f(x).

Explain why if f(x) and g(x) have Fourier series rep-
resentations for —z < x < m, the Fourier series repre-
sentations of f(x) 4 g(x) can be obtained from those
for f(x) and g(x) by term-by-term addition or sub-
traction. By adding and subtracting the Fourier series
representations of

[ @+ gtopx and [ (500 - golax
obtain the generalized Parseval relation
% f(x)g(x)dx =2ap Ao + Z(anA + b, B,),

n=1
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where the a,, b, are the Fourier coefficients of f(x)
and the A,, B, are the Fourier coefficients of g(x).

14.* Let f(x) defined for —7 < x < 7w be approximated by
the nth partial sum of its Fourier series representation

Su(x) = ap + Z(am cos mx + b, sinmx),

m=1

and let

d(x) = Ag + Z(Am cos mx + By, sinnx)

m=1

be any other approximation to f(x) with coefficients
A,, and B,,. Show by expanding the square error

£ = [ [0 - o, (0Fax

in terms of the Fourier series representation of f(x)
that FE, is minimized when A,, =a,, and B, =b,,
for m=0,1,2,...,n. This establishes the fact that
the Fourier series partial sum S,(x) provides the
best trigonometric approximation to f(x) in the least
squares sense.

& Other Forms of Fourier Series

In this section we introduce two other forms of Fourier series that prove useful.
The first is the Fourier series of a function f(x) defined over an interval a — L <
x < a+ Lwith a an arbitrary real number, and by periodicity outside it. Frequently
a = L,corresponding to the Fourier series over the interval 0 < x < 2L. The second
form of Fourier series considered uses the Euler identity e’* = cosx + i sinx to
derive the complex form of the Fourier series, also often called the exponential

form of the Fourier series.

Fourier Series over a Shifted Interval

Routine integration shows the set of functions

1, sinn—
L

and cos% forn=1,2,...

form an orthogonal system over any interval of the forma — L <x <a + L, for

any real number a, and that

—L

—L

atL mrx nwx
cos cos —dx =
a

L L

L mmx . onwx
sin sin —dx =
, L L

a+L
. mux nwx .
/ sin 17 cos de =0 for all integers m and n,
a

0 form#n
L for m = n, for all integers m and n,

0 form#n
L form=n#0
2L form=n =0, for all integers m and n.

The following result is a direct consequence of these integrals, and it pro-
vides an extension of the definition of a Fourier series to the interval —L <

x < L.

e Fourier series over the intervala — L < x <a+ L

a shifted interval

A function f(x) defined on the interval @ — L < x < a 4+ L has the Fourier

series representation

> nwx . nmXx
f(x) =ao+ Z (a,, €OS —— + by, sin T) ) (32)

n=1
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where

1 a+L 1 a+L
@ =57 - f(x)dx, a,= z/;—L f(x) cos ?dx,

(33)

1 a+L
bn:z/{;_L f(X)SiH%dX, forn:l’z""'

Find the Fourier series representation of

x, 0<x<m
T, w<Xx<?2T.

f(X)={

Solution A graph of the function f(x) is shown in Fig. 9.12. Using (33) with
a = L=m gives

1 2 37 2
ag = — f(x)dx=— and a,=— f(x)cosnxdx,
2w 0 4 T Jo
from which it follows that
2
arp—1 Z—W and azn=0 forn=1,2,....

The Euler formula for b, gives

2w 1
b, = — f(x)sinnxdx = —— forn=1,2,...,
T Jo n
so the required Fourier series is
3r 2 Ghcos(Cn—1)x  hsinmx
=7 7 - for0 < 2. ]
f(x) , n; n 1y ; - or0 <x <2n

Complex Fourier Series

The Euler identities ¢/* = cos x 4 i sin x and e ** = cos x — i sin x allow us to write

eix + efix eix _ efix
cosx = —— and sinx = ——
2 2i
f(x)
bl ,———
7
7
7
7
7
7
7
1 I// 1
0 b4 2n 3n X

FIGURE 9.12 The function f(x) defined for
0<x<2m.
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the complex or
exponential
form of a
Fourier series

When these results are used in the real variable Fourier series representation of
f(x) over the interval —L < x < L, it becomes

3 eimrx/L + e—inrrx/L einrrx/L _ e—imrx/L
= b ,
= 3o () e ()

and after grouping terms we have

n . n .
_ an —ibn\ iprsr an +ibn\ _ipa/r
f(x)_ao+z_:<T)e"x Jij(T e~inmx/L, (34)
n=1 n=1
If we now define
—1ib b
co = do, cn:%, and c_nzan—k% forn=1,2,..., (35)

the Fourier series representation of f(x) in (34) becomes

k
f(x) = lim Z cpe™ ¥t for —L < x < L. (306)
k—o00 —

This is the complex or exponential form of the Fourier series representation of f(x).
If real functions f(x) are considered, the Fourier coefficients a, and b, are real,
and (35) then shows that ¢, and c_, are complex conjugates, because c_, = ¢,. To
proceed further we now make use of the fact that the functions exp(immx/ L) and
exp(—inmx/L) are orthogonal over the interval —L < x < L, because integration

shows that

L
eimnx/Le—inrrx/de — 0’ form 7é —n
_I 2w for m = —n for m, n positive integers.

Multiplication of (36) by exp(—immx/ L), followed by integration over —L < x < L
and use of the above orthogonality condition gives

1k :
€= 57 f fx)e ™™ tdx,  forn=0,+1,£2,.... (37)
2L,

Collecting these results we arrive at the following definition.

The complex form of a Fourier series

Let the real function f(x) be defined on the interval — L < x < L. Then the
complex Fourier series representation of f(x) is

k
f(x) = lim Z c, et for —L<x < L,
k—)oonz_k

where

1 [k -
Cp= — f f(x)e ™™/ Lax, forn=0,+1,42,....
2L )
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As the complex form of a Fourier series was derived directly from the real
variable Fourier series, it follows directly that if f(x) is defined fora — L < x <
a + L, then

k
f(x)=lim > c,e™™/" fora— L<x<a+L, (38)
k%oon:_k
with
1 a+L .
Cn =5+ f(x)e ™™ tdx,  forn=0,+1,+£2,.... (39)
2L a—L

It is sometimes useful to separate out the coefficient ¢y from the summation in
(36) (or in (38)) by writing

k
f(x) =co+ lim Z,cnei"””‘, (40)
k—o00
n=—k
with the understanding that X’ indicates that the term corresponding to n = 0 has
been omitted from the summation.
When f(x) is real, so that c_,, = ¢, result (40) becomes

[e.¢]
f(x) —co+ Z[Cneimrx/L + Enefimrx/L]. (41)

n=1
Because the complex form of the Fourier series representation of a function
is derived from its real variable definition, the convergence properties of complex
Fourier series are the same as those already discussed for the real variable case.
So at points of continuity of f(x) the complex Fourier series converges uniformly
to f(x), while at points of discontinuity it converges to the mid-point of the jump

discontinuity.

Find the complex Fourier series representation of
0, —m<x<-m/2
fx)=131, —mn/2<x<mn/2
0, 7/2<x<m.

Solution As the function f(x) is defined on the interval —n < x < 7, we have
L = m, so the coefficients ¢, are given by

1 (" 1 (2 1
= — dx = — ldx = -
“ 2w —r f(X) o 2w —7/2 o 2

and

1 i —inx 1 /2 _ 1 eint/2 _ p—inm/2
=5 dx = — g — L ("¢
“ = /7;1 fxe YT /7‘[/26 T 2i

forn=41,+2,....

The coefficients c¢,, reduce to the real values

1
c,lz—sinE forn=41,42, ...,
nm 2

so ¢, = c_, because ¢, is an even function of n. Consideration of the function
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Summary

sin(nw /2) for integer values of n shows that

(-1
7(2n—1)

Thus, the complex Fourier series representation of f(x) is

Con—1 = and ¢, =0 forn=1,2,....

1 koo ,
f(x) ==+ lim cn(e™ + 7).
2 keoon;k

The real variable Fourier series representation of this function f(x) was derived in
Chapter 8, Example 8.22, and considered again at the start of Section 9.1. If ¢, is
used in the preceding result with ¢/ + e~ = 2 cos nx, the complex Fourier series
representation reduces to the real variable Fourier series representation

1 2 g1 €08(2n — 1)x
f(X)=§+;;(—1) 1W

that was obtained previously. This series, and the equivalent complex series, con-
verges uniformly to f(x) at points of continuity of f(x) and to the value 1/2 at the
discontinuities located at x = /2. ]

Find the complex Fourier series representation of

0, 0<x<1
f(x)z{l, l<x <4

Solution The function f(x)is defined on the interval 0 < x <2/, with2L = 4, so
L = 2. Thus, the complex Fourier coefficients ¢, are given by

1 4 ) 14 .
Cp = —/ f(x)e_’”’”‘/zdx = —/ e 2y forn=0,4+1,+£2,....
4 Jo 4 Ji
Setting n = 0 gives

Co =

AW

whereas
i .
=—[1—e™/?], forn=+l1,+2,....
Cn 2nn[ e ], forn

So the complex Fourier series representation of f(x) is

k
_ . inwx/2
fo) = oot fim 3 cne™™

with ¢y and ¢,, defined as shown. [ |

Accounts of Fourier series and their general properties are to be found in refer-
ences [3.3] to [3.5] and also in [3.7],[3.16], and [4.2]. An advanced and encyclopedic
account of trigonometric series is given in reference [4.5].

Other forms of Fourier series have been derived, first by stretching and shifting the interval
over which the expansion was required, and then by expressing the series in complex form.
As both results were derived from the ordinary Fourier series, their convergence properties
are the same as those of ordinary Fourier series.
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EXERCISES 94

In Exercises 1 through 4 find the Fourier series representa- representations of the given function f(x) over the stated
tion of the function f(x) over the given shifted interval. interval.
0, O<x<m 5. f(x)=¢", —-1<x<l.
1 f(x):{l ' ) =e
;T <X <Zm. 6. f(x)=x* 0<x<2m.
2. fx)=1-x, O0<x<l 7. f(x)=¢*, O0<x<l.
3. fx)=x, O<x<m. 8. f(x)=sinhx, -7 <x<m.
4. f(x)=x* 7 <x<3m 9. f(x)=¢", —m<x<m.
In Exercises 5 through 10 find the complex Fourier series 10. f(x) =coshx, —-1<x<l1.

9.5 Frequency and Amplitude Spectra
SN of a Function

interpreting Fourier
series representations
in a different way

When Fourier series are applied to periodic physical phenomena with period 7, it
is convenient to work in terms of the angular frequency wy defined as

2w

where 1/ T = wy/2m measures the number of cycles (oscillations) occurring in one
time unit. For example, the period of the function sin2x is 7' = 7, so in this case
wy = 2.

The Fourier series representation of a function f(x) defined on the interval
—L < x < Lwith the corresponding period 7" = 2L has been shown to be

> nwx . nmx
f(x) =ap+ ; (61” Ccos T + bn S1n T) y
so as wy = 7/ L this can be written
o0
f(x)=aop+ Z(an Cos nwpXx + by, sin nwpx), (43)

n=1

where
1 L
ap = i/% f(x)dx

1k 1k
a, = —f f(x)cos MY gy = —/ f(x)cosnwoxdx forn=1,2,..., (44)
L), L L),
and

1 [t 1 [t
by = ~ f Foo)sin T ax = - f F(x)sinnwoxdx forn=1,2,.... (45)
L —L L L —L
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frequency spectrum,
amplitude, and
phase

In terms of these results (43) becomes

> a b
f(x)=ap+ aﬁ + b,21 12 |:—" cosnwpxX + ————— sinnwox] .
; ( ) (a2 +82)'" (a2 +b2)""

(46)

Using the trigonometric identity cos(P + Q) = cos Pcos Q — sin Psin O, and
defining

172

A, = (aﬁ + bfl) and 8, = Arctan (—b,/ay,), (47)

with A, the amplitude and §, the phase, allows (46) to be written more concisely
in the amplitude and phase angle representation

f(x)=ap+ i Ay cos(nwox + 8,). (48)

n=1

When the Fourier series representation of f(x) is expressed in this form, the
set of numbers

w, 2(00, 3(00,...

is called the frequency spectrum of the function f(x). The number nwy is called the
nth harmonic frequency of f(x), and the number §, the nth phase angle of f(x).
The set of numbers

AO’ A17 AZ’ AR
where Ag = |ag|, is called the amplitude spectrum of f(x), and the function
cos(nwox + &)

is called the nth harmonic of the function f(x). The amplitude spectrum can be
displayed graphically by drawing lines of height Ay, Ay, Ay, ..., against the respec-
tive harmonic frequencies wy, 2wy, 3wo, . . ., as shown in the next example. This is
called a discrete spectrum, because the amplitude is only defined at the discrete
frequencies in the frequency spectrum.

Result (48) shows how f(x) is representable in terms of a linear combination
of harmonics, each weighted by an appropriate amplitude factor A,.

Find the harmonics and amplitude spectrum of
-7 <x<0

f(x):{z’—x, 0<x<m.

Solution 1In this case the function is defined on the interval —7 < x < 7,s0 L=
7, T=2L=2nr,andwy = 27w/ T = 1. The frequency spectrum becomes 1,2, 3, ...,
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and the Fourier series representation in terms of frequency is

fx) =ao+ Z(an cos nx + by, sinnx),

n=1
where
1 [0 1 (7 3
= dx + — —x)dx = =,
a = 7 ﬂn x+2n,/0 (r — x)dx 1
and
1/0 cos d+1/n( ) cos nxd 1[1 (=11
ap = — T nxax + — T —X nxdx = —|1 —(— ,
7 J . 7 Jo n?
forn=1,2,....
This last result simplifies to
2 0 for 1,2
Wy 1= ————, a3, =0, n=12,....
T ren—1)2 7
Similarly,
1 [0 1 [™ —1)y
bnz—/ nsinnxdx—}-—/ (n—x)sinnxdx=( ), forn=1,2,....
T J_x T Jo n

Substituting the coefficients a, and b, into the Fourier series gives

3r 2 & cos(Zn—1)x & (—1)'sinnx
f = — + — + fi —_7 < < 7.
*) 4 T nX:; (2n —1)2 ; n o *

To find the harmonics and the amplitude spectrum, it is necessary to group
together terms with corresponding frequencies. When this is done f(x) becomes

3 2 1 2 1
flx) = TJT + (; cosx — sinx) + Esin2x + (% cos3x — gsin3x>

1 2 1
+ Zsin4x+ (ECOSSX— gsinSx) + -

This shows, for example, that the fifth harmonic is proportional to

1 .
75 cosSx — 5 sin 5x.

The amplitudes are

3n 2\? 7
o = lao| 1 1 |:<n> +( ):| ,
1/2
1 2\? 1\?
A=, Ay=|[= -
=g A [(9) +( 3)} ,
12
1 2 \? 1\*
Ag=-, As=|[-— —
4 7R 5 [(25n) +< 5)j| ,

1 4 172 1
Aoy = 1 d A=, forn=1,2,....
2] (2n—1)[(2n—1)2n2+ } and Ao =5, forn

In general




